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ABSTRACT 
Type IIA topoisomerases have long been attributed the ability to simplify 
DNA topology – supercoils, knots and catenanes – far beyond their 
thermodynamic equilibrium. Such activity makes clear biological sense, 
however topology of a DNA molecule is a global attribute, and type IIA 
topoisomerases are capable only of recognizing local structures that constitute 
workable substrates. In the case of type IIA topoisomerases local DNA 
juxtapositions embody these substrates. To be able to reliably simplify DNA 
topology, without by chance increasing its complexity, these enzymes would be 
required to have the ability to discern some aspect of the global topology from 
the interactions with these local juxtaposed DNA substrates. Previous studies 
have generated computer simulations of juxtaposed chromatin segments 
whereby information regarding the global topological state is somehow 
communicated to the enzyme. These models vary in nature, from protein-
centric models involving the forced introduction of ‘kinks’ into the DNA, to 
DNA-centric models, which suggest alterations in chirality of crosses are 
suggestive of the topological state of the molecule, and thus all local DNA 
juxtapositions encode details of higher order structure. For the system to 
function in this manner, information ‘encoded’ in one DNA juxtaposition 
would have to become altered when other distinct substrates are acted upon.   
This study aimed to investigate whether S. cerevisiae topoisomerase II is 
capable of enforcing directional alteration of the ratio of catenated plasmid 
dimers to monomers in vivo. Systems that artificially generate increased 
proximity between plasmids were tested and yielded inconclusive results 
pertaining to this question. Existing evidence has shown a shift in the 
supercoiling state from (-) to (+) occurs at the metaphase to anaphase transition, 
and that this forces Top2 to resolve catenated nodes in favour of relaxing 
supercoils, however this transition would gain credence in the case that prior to 
this event Top2 was able to concatenate DNA, and that the probability of this 
occurring was equal to the likelihood of catenated nodes becoming resolved. 
Further investigation of this transition has revealed the requirement for Cdc5, 
and Scc1. Additionally the localization of the Condensin complex was analyzed 
to gain a better understanding of how transition factors are regulated.   
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1 INTRODUCTION 
 
1.1 DNA 
 
1.1.1 Overview 
 
In the seminal 1953 paper written by Watson and Crick (Watson and Crick, 
1953), it was proposed that the structure of DNA resembled a double helix, an 
idea radically differing from many other models suggested at the time. In their 
model, DNA was composed of many repeated units, each unit containing a 
sugar (2’-deoxyribose), a phosphate and one of four heterocyclic bases. These 
repeated units were dubbed nucleotides, and they were found to be connected 
via the formation of a phosphodiester linkage to form the polynucleotide 
backbone of DNA. The essence of double stranded DNA is the formation of 
hydrogen bonds between the purine and pyrimidine bases. Importantly double 
stranded DNA adopts a plectonemic conformation commonly referred to as a 
double helix. In the 60 years since this paper was published, the accuracy of the 
model put forward by Watson and Crick has been verified, and we have a far 
better understanding of how this structure is able to satisfy both the chemical 
and physical roles required of DNA. 
 
 
 
 
1.1.2 Naked Structure 
 
In addition to this primary structure of DNA, it has since been shown that 
DNA can take on a number of differing plectonemic conformations depending 
on its environmental factors. The most common DNA conformation seen in 
living cells is B-DNA. The nucleotide backbones of a B-DNA helix are coiled 
around each other in a right handing fashion, and this helix has been shown to 
have on average 10.5 base pairs per turn (can vary depending on solution 
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conditions) (Griffith, 1978; Wang, 1979). Additionally, although we generalize 
the structure of DNA to be a double helix with base pairs being perpendicular 
to the helical axis, different combinations of bases can confer variations on this 
generalized structure. An example of this sequence specific variation was 
shown by X-ray diffraction of a particular self- complementary dodecamer 
sequence. This dodecamer, when forming a duplex structure, showed an effect 
dubbed ‘propeller twist’ whereby the purine and pyrimidine base pairs are 
twisted with respect to each other. As a consequence they do not lie 
perpendicular to the helical axis of the duplex (Wing et al., 1980). The structure 
of B-DNA is such that it allows for DNA molecules to become packed 
relatively close together, a feature one might not expect, as DNA is itself 
negatively charged. Consequently one would expect two DNA molecules to 
exhibit repulsion when brought into close proximity. The structure of B-DNA 
goes some way towards negating this repulsion, by allowing two DNA duplices 
to self-assemble into tight right-handed crosses by accommodating the sugar-
phosphate backbone of one duplex into the major groove of another (Timsit et 
al., 1991). These crosses are referred to as right-handed crosses due to the 
positive values of their crossing angle (Timsit, 2013). This feature goes some 
way towards explaining why B-DNA is by far the most common DNA 
conformation encountered in vivo. Locating the sugar-phosphate backbone of 
one strand into the major groove of another infers that packaging of B-DNA in 
vivo would be highly influenced by the sequence of the DNA strands involved 
(Timsit and Moras, 1992) and this is indeed the case. The molecular structures 
of different DNA conformations is displayed in Figure 1.  
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Figure 1 - Different Structural Conformations of the DNA Molecule 
 
 
While B-DNA is considered the most common form of DNA found within 
cells, other forms have also been identified. Duplex DNA has been shown to 
adopt another conformation dubbed A-DNA (Franklin and Gosling, 1953; 
Wahl and Sundaralingam, 1997). The helix of A-DNA is right-handed (as B- 
DNA), and the structure exhibits 11 base pairs per turn. This means A-DNA is 
somewhat underwound compared to B-DNA. One major difference between 
B-form A-form Z-form
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the B- and A-DNA forms is whereas with B-DNA the ribose sugar is in a C2’- 
endo conformation, with A-DNA it exhibits a C3’-endo conformation (Bates 
and Maxwell, 2009a). In contrast to the situation with B-DNA, most A-DNA 
interactions are stabilised through minor groove interactions (Lu et al., 2000). It 
has been suggested that A-DNA may be found at key sites within the genome, 
such as at promoters (Shakked et al., 1981), but currently its existence in vivo is 
yet to be proved conclusively. One piece of evidence that supports the 
existence of A-DNA in vivo is the finding that RNA double-helices are 
commonly found to interact along their minor groove within the ribosome 
(Nissen et al., 2001), and when RNA oligonucleotides are crystalised, minor 
groove interactions are often seen as the predominant form of intermolecular 
interaction (Baeyens et al., 1995; Schindelin et al., 1995). While the RNA 
molecule is slightly different from the DNA molecule, they share many of the 
same structural features and charges, such that they would be subject to very 
similar forces as DNA molecules. Thus the finding that RNA is able to adopt 
this minor groove association when forming a double helix directly suggests 
that DNA may be able to be packaged in this same manner, given the correct in 
vivo conditions. Additionally studies using DNA crystallization techniques 
have demonstrated that A-DNA is far less dependent on DNA sequence in 
relation to its packing dynamics within the cell, than is B-DNA (Timsit and 
Moras, 1992).  
 
A third structural conformation is referred to as Z-DNA whose nucleotide 
backbones have been shown to exhibit a ‘zig-zag’ path, and form a left-handed 
helix with an average of 12 base pairs per turn (Wang et al., 1979). The Z-DNA 
conformation has been identified often in regions containing alternating GC 
sequences, and its formation is facilitated by high salt conditions (Herbert and 
Rich, 1996). Whether or not this DNA conformation arises in vivo is still 
uncertain. 
 
DNA duplices have the ability to exhibit a high degree of conformational 
variation, due to bending of the helical axis, described by the intrinsic curvature 
of DNA, and the DNA flexibility. Intrinsic curvature refers to the bending 
experienced by a DNA duplex conferred by a particular DNA sequence, 
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whereas DNA flexibility refers to the ability of the DNA molecule to be bent 
regardless of sequence specific factors, such as in the instance where DNA is 
wrapped around histones (Bates and Maxwell, 2009a). DNA flexibility itself 
can be subdivided into two further categories, isotropic DNA bending, referring 
to the ability of DNA to bend in all directions equally, and anisotropic DNA 
bending, which relates to the ability of DNA to bend around a particular point 
which acts as a ‘hinge’ (Travers, 2004).  
 
In terms of biological importance, experimental evidence has shown DNA 
to form many higher order structures beyond its primary double helix. It is 
these higher order structures, which allow DNA to fulfill its demanding role 
within the cell. In spite of extensive research within this field, there are many 
such higher order conformations and alternative DNA structures that have been 
visualized in vivo which have yet to be attributed a role or responsibility within 
the cell (Bates and Maxwell, 2009a). 
 
 
 
 
1.1.3 Higher Order Structures 
 
The nature of the DNA molecule is such that it lends itself to the formation 
of structures with an additional level of complexity beyond the double helix. 
These higher order structures arise due to stability conferred by the 
supercoiling state of the DNA molecule, or from the ability of the duplex to 
form anti-parallel and parallel quadruple helical structures.  
 
Such examples of higher order conformations able to be adopted by the 
DNA molecules are cruciform structures and Holliday junctions. Cruciform 
structures arise when the DNA molecule forms two hairpins directly opposite 
each other, stabilised by intra-strand base pairing. This phenomenon is 
dependent on the presence of palindrome sequences (inverted repeat sequences) 
and is shown in Figure 2.  
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Figure 2 - Palindrome sequences (inverted repeats) favour cruciform 
structure formation 
 
Such structures have been demonstrated to form experimentally in 
negatively supercoiled closed-circle DNA in vitro (Murchie and Lilley, 1992; 
Panayotatos and Fontaine, 1987; Panayotatos and Wells, 1981). While there is 
still some controversy regarding the formation of these structures in vivo, it is a 
concept that is becoming increasingly accepted. A number of studies have 
claimed to demonstrate the existence of cruciform structures in vivo (Brazda et 
al., 2011; Cote and Lewis, 2008; Dayn et al., 1992), and this idea is supported 
by the knowledge that their formation can be favoured by a state of negative 
supercoiling. Contrasting this concept, it is unknown whether the in vivo 
superhelical densities would be sufficient to produce this effect (Lilley and 
Hallam, 1984), as it is predicted that a level of ‘hyper-negative’ supercoiling 
would be required to produce the push needed to initiate cruciform formation 
and the force to stabilise such an event (Lewis and Cote, 2006). In spite of the 
arguments against formation of such structures in vivo, palindrome sequences 
are currently being attributed with the ability to cause a degree of genomic 
instability with the idea of cruciform formation being the most probably model 
to explain this. In S. cerevisiae palindromic sequences have been seen to result 
in fractures of the DNA, proposed to occur due to resolvase-type activity (such 
as that of type II topoisomerases) attacking the palindrome after it extrudes in 
the form of a cruciform structure (Lewis and Cote, 2006). However while 
generation of DNA fracture/breakage at palindromic sequences is established, 
there are few components of this ‘cruciform resolution’ that have been 
experimentally demonstrated in vivo (Cote and Lewis, 2008). While their 
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existence in vivo is still a subject of controversy, there has been significant 
speculation as to what roles these structures may perform in the cell, including 
providing more favourable substrates for DNA processing enzymes such as 
Topoisomerase II (Rene et al., 2007). 
 
Another example of a higher order structure adopted by DNA is known as 
a Holliday junction, which bears significant resemblance to the cruciform 
structures mentioned previously. Holliday junctions are four-armed 
intermediates formed between two DNA duplexes during homologous 
recombination (HR), and bear conformational similarities to structures which 
are generated as a result of replication fork collapse and reversal (also referred 
to as ‘chicken-foot’ structures). During HR (basic outline displayed in Figure 
3), a displacement-loop (D-loop) is formed as a result of the strand invasion 
process. Once the resected bases have been copied from the sister template, the 
DNA strands can be re-ligated to form a Double Holliday junction (DHJ).  
 
 
Figure 3 - Outline of Homologous Recombination (HR) 
  (adapted from (Bugreev et al., 2011)) 
 
One very important structure formed by DNA with the aid of a number of 
nucleoproteins are telomeres that cap the ends of chromosomes. Telomeres are 
unusual DNA structures in that they contain highly GC rich sequences with 
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single strand 3’ overhanging regions. It is this overhanging section, that due to 
the high G content, can associate into tetrads. These in turn can either form 
parallel or antiparallel quadruplexes. Likewise high C content regions found in 
both telomeres and centromeres have been shown to be able to form 
quadruplex structures called i-tetraplexes (Neidle and Parkinson, 2003). It 
should be noted that many of these higher order structures are directed in some 
part by DNA sequence, as GC rich regions favour tight packing; Cytosine and 
Guanine are capable of directing and establishing intermolecular interactions 
either directly or through a cation mediated process, respectively. Conversely 
AT rich regions are less capable of forming tight DNA-DNA interactions 
(Timsit and Varnai, 2011). 
 
In addition to these quadruplex structures, DNA is capable of forming 
triplexes, whereby a DNA duplex associates with an additional single strand of 
DNA in either a parallel or anti-parallel orientation (Bates and Maxwell, 
2009a). One type of triplex is known as ‘H-DNA’. H-DNA can be regarded as 
an intra-molecular DNA triplex, stabilized by Hydrogen ions (hence the name 
‘H-DNA’). Examples of such structures were originally described many years 
ago (Frank-Kamenetskii and Mirkin, 1995; Lyamichev et al., 1985, 1986; 
Mirkin et al., 1987). Examples of triplex DNA structures have been described 
in an in vivo setting, and have been attributed with being the causative effect of 
a number of pathologies (Rajeswari, 2012). Additionally, the potential 
therapeutic role of intermolecular triplex DNA structures is being investigated, 
due to their perceived ability to target a stretch of DNA or RNA in a site 
specific manner (Gowers and Fox, 1999). 
 
 
1.1.4 DNA supercoiling 
 
DNA supercoiling refers to a global topological alteration of DNA 
structure arising as a direct consequence of the plectonemic nature of the DNA 
duplex. If a torque were applied around the helical axis of the DNA, the result 
would be different depending on the rotational direction of the torque applied. 
INTRODUCTION 
 23 
If the direction of the torque matched that of the ‘handedness’ of the duplex (i.e. 
if the two strands of the duplex wrapped around each other in a clockwise 
fashion when viewed along the helical axis moving away from the viewer, and 
this duplex was acted on by a torque matching this direction) then the DNA 
would be wrapped tighter, and this would consequently stabilize the helix. If 
the direction of the torque applied were opposite to the ‘handedness’ of the 
duplex, then a significantly large torsional deformation would lead to the 
unwinding of the duplex and eventual separation of the DNA strands. This 
phenomenon only occurs if the entire DNA strand is unable to freely rotate 
about its own axis following application of the torque (if free rotation of the 
molecule was possible, the number of base pairs per turn would remain 
constant even with applied torque, and the molecule would always be able to 
hold the lowest energy state), and this is the case in vivo. It is this fundamental 
concept that allows DNA to assume supercoiled states. These overwound or 
underwound duplexes are able to assume different conformations known as 
plectonemes or solenoids (Marko and Siggia, 1995). It is important to note that 
the plectonemic conformation of negatively supercoiled DNA is a right-handed 
superhelix (‘superhelix’ referring to the wrapping of the duplex helical axis 
around itself forming a helix of an order above that of the intertwining of the 
two sugar-phosphate backbones).  
 
Assuming DNA ends are topologically restrained (or closed forming a 
circular DNA strand) we can define the features of the duplex with an equation: 
 
Lk = Tw + Wr 
 
In this equation Lk is the linking number (classed as a topological 
descriptor); Lk refers to how many times, and with what handedness, the two 
backbones of the duplex are linked. In a topologically constrained system this 
is considered to be a constant, as long as the integrity of the duplex is 
maintained. When Lk is positive it indicates that the two backbones wrap 
around each other in a right-handed fashion, such as in native B-DNA. Tw and 
Wr are referred to as geometric descriptors. Tw refers to the twist of the DNA, 
meaning the measure of helical rotation of DNA around its central axis. Wr 
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refers to the writhe of the DNA, meaning the measure of the winding of the 
axial trajectory of the duplex around itself. The extent of DNA supercoiling of 
a given topoisomer is defined as ΔLk, which refers to the difference between 
the actual linking number of the duplex, and a hypothetical linking number if 
the same duplex were to be able to fully release its torsional stress by a free 
rotation (Witz and Stasiak, 2010). 
 
Supercoiling can thus be defined as having either a positive value or a 
negative value as defined by the direction of the crosses the molecule exhibits, 
as displayed in Figure 4 below. This diagram further shows that the state of 
supercoiling of a DNA molecule is dynamic, in that upon the application of 
twist in a direction opposing the direction of the crosses, a molecule can be 
converted from being (-) supercoiled to (+) supercoiled of vice versa.  
 
 
Figure 4 - The direction of crosses of the molecule determine whether 
the supercoiling has a negative or positive value 
 
 
 
1.1.5 DNA Catenanes and Knots 
 
Knots and catenanes are structures that are able to arise in DNA due to the 
topological nature of the duplex. Although often spoken of together these 
structures are distinct. A knot is a topological concept that only has meaning 
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when we are regarding a closed circular system such as a plasmid (Lopez et al., 
2012). One can picture a topological knot as being any knot in a piece of string 
when the two ends of the piece of string are joined together. The simplest form 
of knot is known as a trefoil knot and is displayed in Figure 5.  
 
 
 
 
 
Figure 5 - The displayed Trefoil knot is the simplest form of knot 
Computer image courtesy of Rutgers.edu. Electron Micrograph of 
trefoil knot courtesy of A. Stasiak, University of Lausanne.  
 
 
Knots have been shown to be easy to form in vitro, however their 
occurrence in nature is less frequent. They have been shown to occur as a by-
product of topoisomerase function in replicating cells (Witz and Stasiak, 2010), 
and additionally in some cases have been demonstrated to occur in non-
replicating cells also (Shishido et al., 1989).    
 
In contrast catenanes are readily formed in vivo as a result of the process of 
DNA replication. Catenated molecules were first observed in vivo in 1967 in 
human cells (Hudson and Vinograd, 1967). In simplistic terms, a catenated 
node refers to the intertwining of two DNA duplexes such that they are unable 
to be separated without one of the molecules being broken. For this to be the 
case, the two DNA molecules must be examples of topologically enclosed 
systems (i.e. the Lk of the two molecules must be fixed as long as the integrity 
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of the DNA backbone is maintained). We know that catenated molecules are 
formed from the intertwining of two intact DNA duplices, as breakage of one 
strand of either duplex is not sufficient to resolve the dimers into their 
subsequent monomer states. To achieve this breakage of both backbones of one 
of the two intertwined duplices is required (Marini et al., 1980). It is possible 
for many topoisomers of a catenated dimer to exist, as the number of catenated 
nodes can vary greatly between different molecules, depending on factors such 
as accessibility of the nodes to resolving enzymes such as topoisomerase II. 
 
Catenated DNA molecules have previously been shown to be produced by 
a number of different enzymes in vitro including some DNA topoisomerases 
(Mizuuchi et al., 1980; Tse and Wang, 1980), however it has never been 
demonstrated in vivo if DNA topoisomerases have the ability to introduce 
catenations in addition to resolving them following their generation as a result 
of DNA replication (a full explanation of this is given in a later section).  
 
 
  
Figure 6 - Topoisomers of a Catenated dimer with varying node 
number 
As shown the catenane on the left represents two plasmid dimers that 
have become intertwined once (ie they have 1 catenated node) whereas the 
dimer on the right represents two plasmid dimers that have become 
intertwined twice (i.e. they have 2 catenated nodes) 
 
 
Catenated nodes
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Such structures with varying catenated node number have been constructed 
in vitro and visualized using electron microscopy (Martin and Wang, 1970).  
 
 
 
 
 
1.1.6 Intercalating Agents 
 
Many assays designed to resolve differences between different topoisomers 
take advantage of the phenomenon of DNA supercoiling by using chemicals 
exhibiting an intercalating ability. This refers to the ability of a molecule to 
insert itself between two base pairs of double stranded DNA, and these 
molecules usually contain a planar, polycyclic, aromatic structure. The 
insertion of these molecules between base pairs in DNA has a profound effect; 
intercalators cause local unwinding, resulting in a decrease in the twist value of 
the duplex. Therefore if a negatively supercoiled molecule is exposed to an 
intercalating agent, it will experience a reduction in twist and a resulting 
increase in its writhe value, causing it to become more relaxed. If more of this 
intercalating agent is used then the molecule will eventually become positively 
supercoiled, resulting in a change of the average mobility of topoisomer 
distribution. Commonly used intercalating agents include Ethidium Bromide, 
and Chloroquine (Bates and Maxwell, 2009a). 
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1.2 DNA Topoisomerases 
 
The inter-conversion of different topoisomers within living organisms is 
catalysed by a group of enzymes known as topoisomerases. Topoisomerases 
are found in all organisms from bacteria to higher eukaryotes. Topoisomerases 
are capable of overcoming all topological constraints and problems that are 
generated from the double helical nature of the DNA molecule. They are 
capable of untangling large DNA segments, and resolving catenations 
generated as a result of DNA replication, consequently permitting faithful 
segregation of the correct DNA complement to newly generated daughter cells 
at the culmination of mitosis (Spell and Holm, 1994). Additionally they can 
alter the superhelicity of the DNA molecule to facilitate local unwinding of the 
duplex during physiological cellular processes such as DNA replication and 
transcription, or to allow binding of specific proteins, which would otherwise 
be unable to access the DNA molecule in its supercoiled conformation (Wu et 
al., 1988). All topoisomerases have the ability to break the sugar-phosphate 
backbone of a DNA duplex, and in doing so they are able to alter the Lk of that 
duplex. Following the initial topoisomerases induced break, the enzymes 
stabilises this break before allowing passage of either one strand of duplex 
DNA, or both strands of another section/molecule of duplex DNA through the 
break. The exact details of the strand passage mechanism differ from one 
enzyme to the next. Finally topoisomerases re-ligate the DNA strand/strands to 
close the break. To perform this function, all topoisomerases utilize active site 
tyrosyl residues to mediate DNA cleavage and ligation. This enzymatic activity 
means that all topoisomerases have the ability to relax negatively supercoiled 
DNA (i.e. represented by an increase in Lk) as depicted in Figure 7. 
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          (-) supercoiled CCCm                Relaxed CCCm 
 
Figure 7 - Relaxation by Topoisomerases 
  
 
Topoisomerases can be broadly segregated into two categories, type I 
topoisomerases and type II topoisomerases. It is important to note that not all 
topoisomerases of the same type have the ability to carry out an equivalent 
range of functions. The type I topoisomerase from E.coli is only able to relax 
negatively supercoiled DNA whereas the type I topoisomerase from calf 
thymus is able to relax both negative and positively supercoiled DNA 
(Champoux and Dulbecco, 1972; Wang, 1971) 
 
 
 
 
1.2.1 Type I Topoisomerases 
 
Type I topoisomerases have the ability to cut one strand of a duplex, and 
pass the uncut strand of the duplex through the break before re-ligating the 
break. In doing so they reduce the linking number of the molecule by exactly 1. 
Type I topoisomerases can be further subdivided into two categories, type IA 
topoisomerases and type IB topoisomerases. These two classes of enzymes 
both act via cleavage of one strand of the DNA sugar-phosphate backbone, 
however their method of action is what defines them from each other. 
Relaxation of supercoiled plasmid 
by Topoisomerase
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Topoisomerase type IA enzymes function via cleavage of one of the duplex 
strands, following which the complementary strand is passed through the gap 
into the central cavity of the enzyme. Such cavities appear to be a highly 
conserved feature of this class of topoisomerases, which provides strong 
support for the concept of strand passage as the type IA mechanism of action. 
Following this strand passage mechanism the initial break is religated, usually 
resulting in the relaxation of the supercoiling state of the DNA molecule. It is 
proposed that topoisomerase type IB enzymes function slightly differently, in 
that they initially bind the DNA molecule, and following cleavage of a single 
strand of the duplex the resulting free 5’-OH end is not bound, but allowed to 
rotate in a controlled fashion, such that the Lk is only altered by 1 (Bates and 
Maxwell, 2009b). These type IB enzymes display no structural features 
resembling the internal cavity that is seen in the type IA topoisomerases, 
lending support to the idea that they do not function through a strand passage 
mechanism such as that seen in type IA enzymes (Stewart et al., 1998).  
 
There is an additional member of the topoisomerase type IA family that 
does not function in the same way as all other members of this family. Reverse 
Gyrase is an enzyme found in thermophilic archaea, and this enzyme serves to 
actively introduce positive supercoils into the genome, as oppose to relaxing 
negative supercoils. This is a feature that benefits these organisms as it 
provides their genomic complement with a level of protection against the 
extreme temperatures experienced within their habitats. In addition to the type 
IA topoisomerase domain, these enzymes also possess a helicase domain 
(Duguet, 1997), suggesting that the enzyme has evolved to perform the strand 
passage mechanism , but adapted so that it can only produce a positively 
supercoiled product (Rodriguez and Stock, 2002). 
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1.2.2 Type II Topoisomerases  
 
Type II DNA topoisomerases function to simplify the topological state of 
the cells genomic complement, in situations where a double strand break is 
required. They do this in a process whereby they first create a cut in both 
strands of a duplex (i.e. a double strand break or DSB). Each subunit is 
involved in breaking one of the DNA sugar-phosphate backbones. This process 
results in what is denoted the G-segment or “gate segment”. This DNA 
cleavage is achieved by using an active site tyrosyl residue to attack the 
phosphodiester backbone and create a phospho-tyrosine bond. This ensures the 
broken ends remains covalently attached to the enzyme subunit (Nitiss, 2009). 
Next these enzymes select a nearby DNA duplex (either part of the same 
molecule which has just been cut, or another molecule entirely), termed the T-
segment or “transfer segment”, and this is moved through the DSB in the G-
segment before ultimately the double strand break originally induced by the 
enzyme is re-ligated (Gellert et al., 1976). Knowing that DSB formation can be 
particularly deleterious to the cell, one might surmise that the action of 
topoisomerase II is potentially very dangerous. Was the cell to detect the 
double strand break it would initiate a DSB repair pathway (i.e. NHEJ or HR 
depending on the position of the cell within the cycle), which would initially 
prevent the topoisomerase II from achieving its goal of topological 
simplification, and in more extreme circumstances should the break not be 
detected at all and left unrepaired the situation could prove lethal for the cell. 
To prevent either of these outcomes occurring type II topoisomerases have the 
ability to protect the ends of the DSB created and hide them from the cells 
DNA damage detection proteins. It is the formation of covalent bonds between 
the enzyme and the ends of the DSB that enables the enzyme to shield the DSB 
from the cell. It should be noted that binding of a T-segment duplex is not 
required for binding of a G-segment duplex, or indeed for cleavage and 
religation of that G-segment duplex (Mueller-Planitz and Herschlag, 2006). 
 
Type II DNA topoisomerases can be broadly subdivided into two 
categories, type IIA topoisomerases and type IIB topoisomerases. Type IIA 
topoisomerases included prokaryotic DNA gyrase, prokaryotic topoisomerase 
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IV, and eukaryotic Top2 (Nitiss, 2009), whereas the type IIB class of 
topoisomerases include TopoVI (Corbett and Berger, 2003) from plants and 
Spo11 homologues involved in meiotic recombination (Lichten, 2001). 
Comparison of the structures of type IIA and type IIB enzymes show that they 
share significant structural similarity in their B-subunit, particularly in a region 
dubbed the ‘Rossmann-like fold’, which has been suggested to be involved in 
the coordination of metal ions (Berger et al., 1998). This structural similarity 
suggests that these proteins may be evolutionarily related, and likely share 
similar mechanisms for strand cleavage and strand passage. Furthermore, this 
structure has been seen to share remarkable similarity to that present in DNA 
primases, leading it to become referred to as a ‘toprim’ fold (Aravind et al., 
1998). In contrast to the B-subunit, the A-subunit of type IIA and type IIB 
topoisomerases show no structural or sequence similarity (Nichols et al., 1999). 
While both type IIA and type IIB enzymes form a covalent linkage to the 5’ 
ends of the DNA double strand breaks, the conformation of this linkage is 
contrasting, with type IIA enzymes forming a four base pair staggered 
overhang, and type IIB enzymes forming a two base pair staggered overhang 
(Buhler et al., 2001).  
 
It has been previously demonstrated that type IIA topoisomerases, 
including the S. cerevisiae Topoisomerase II, actively deform the DNA strand 
prior to the cleavage step of the catalytic cycle. This bend in the DNA molecule 
can be as great as 150o, and has been shown to be dependent on the presence of 
an invariant isoleucine residue, which is able to intercalate between two base 
pairs outside of the DNA cleavage site. It has been shown that this bend in the 
DNA substrate is essential for the catalytic cycle of the type IIA 
topoisomerases, as while mutation of this isoleucine does not affect the 
enzymes ATPase activity, or its ability to bind DNA, it is unable to confer this 
bend on the DNA, and the resultant cleavage and topological simplification 
steps of the catalytic cycle are not achieved (Lee et al., 2013).     
 
Mammals have two different isoforms of Top2 (Austin and Marsh, 1998), 
called Top2?  and Top2? , both of which appear to have very distinct 
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functions ranging from important roles in cell cycle dynamics to playing 
specific roles during differentiation and maturation of cells throughout 
development. The differences in the functional role of these isoforms has been 
attributed to differences in the C-terminal domains between the two enzymes 
(Linka et al., 2007). In contrast to this lower eukaryotes have only one isoform 
of Top2.  
 
 
 
 
1.2.3 S. cerevisiae Topoisomerase II 
 
The enzyme considered mostly in this project is S. cerevisiae 
topoisomerases II, a type IIA topoisomerase. The crystal structure of a large 
internal fragment of the S. cerevisiae DNA topoisomerase II has been solved 
(Berger et al., 1996). The enzymatic cycle of the S. cerevisiae topoisomerase II 
is depicted in Figure 8 below.  
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Figure 8 - Enzymatic cycle of S. cerevisiae topoisomerase II 
Shown is the full enzymatic cycle of the enzyme from the initial 
binding of the G-segment, to the eventual release of the newly ligated G-
segment. It should be noted that binding of the T-segment is not required 
for binding and cleavage of the G-segment 
 
 
Although topoisomerase II has global functionality, it has been shown to 
cleave preferentially at particular sites. That being considered, the consensus 
sequence for cleavage is weak, and many commonly seen sites of cleavage do 
not conform to this sequence (Capranico and Binaschi, 1998). Such weak 
consensus sequences have been identified in a number of different organisms 
and have been seen to be up to 20 base pairs long (Sander and Hsieh, 1985; 
Spitzner et al., 1990; Spitzner and Muller, 1988). In contrast to these early 
studies, more recent studies have speculated that the specificity of 
topoisomerase II mediated cleavage is dependent on the local structure of the 
DNA, as oppose to direct recognition of bases (Velez-Cruz et al., 2005).  
 
In either instance, it is reasonable to surmise that topoisomerase II would 
be unable to determine whether it was removing a catenation or introducing 
one (i.e. in the situation where two uncatenated regions come together by 
Top2 initially binds the G-segment, following which 
binding of the T-segment is made possible
Top2 cleaves the G-segment following which the newly exposed
ends of the DNA strand are covalently bound to the enzyme thus protecting
them from the DNA damage repair machinery  
The T-segement is then passed through the 
gap in the G-segment, due to a conformational change 
in the enzyme structure triggered by ATP binding
The G-segment in subsequently re-ligated 
following which the Top2 enzyme releases 
both strands
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chance, or by mechanisms such as cohesion generated by cohesin mediated 
encompassing of two DNA duplices). It should be noted that the introduction of 
catenations by topoisomerase II has yet to be shown in vivo, although it has 
been demonstrated in vitro under conditions promoting formation of DNA 
aggregates (a situation compared by the authors to resemble compacted DNA 
in vivo) such as high concentrations of polyvalent cations (e.g. spermidine, 
present in actively proliferating cells), (Krasnow and Cozzarelli, 1982). It is 
important to stress the difference between the two systems, as in vitro 
experiments use purified enzyme, and a linear or circular DNA duplex, whereas 
in vivo the situation is far more complex, as the structure of a DNA duplex is 
altered by a number of additional factors. Examples of such factors that would 
presumably have a role to play here include histones and other DNA binding 
proteins (Capranico et al., 1990; Cloutier and Widom, 2005; Poljak and Kas, 
1995). This difference between the two settings makes it hard to directly draw 
functional information about the activity of topoisomerase II in vivo from the in 
vitro data, as many of the stages of the catalytic cycle of the enzyme will be 
undoubtedly affected by the altered DNA conformation experienced in the in 
vivo setting.   
 
If topoisomerase II was able to introduce catenations in vivo in a similar 
manner to the method by which it resolves these structures, one could suggest 
that the catenation state of 2 sister chromatids represents an equilibrium 
whereby topoisomerase II is constantly adding and removing catenations. 
Should this be the case there must be some mechanism allowing the cell to 
push this system past the equilibrium point to attain a global linking number of 
0. Another point to note is that all type II topoisomerases do not just catalyse 
the achievement of a thermodynamic equilibrium. Rather they use the energy 
produced from ATP hydrolysis to push the equilibrium up to 80 times lower 
than one would expect from thermodynamic equilibrium (Rybenkov et al., 
1997), however even in this situation of active resolution of catenations (or 
some aspect of partially forced directionality) there is no explanation for the 
cell’s ability to achieve a linking number of 0.  
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Previously it had been suggested that the ability of topoisomerases to bend 
DNA, or the angle of the bend in the DNA that can be achieved, could provide 
a possible model explaining how type IIA topoisomerases are able to simplify 
the topological state of the DNA beyond equilibrium. In this model the process 
of bending the G-segment of DNA would orientate the enzyme, such that the 
binding site for the T-segment would point towards the inside of circular DNA, 
which when coupled to the seemingly uni-directional strand passage 
mechanism of the enzyme, would lead to preferential unlinking, unknotting and 
decatenating (Klenin et al., 2002; Vologodskii et al., 2001). This model has 
been further extrapolated to suggest that the topological simplification activity 
would scale with the magnitude of the bend generated in the G-segment, and 
this in turn could explain the differences in the non-equilibrium distributions 
obtained by different type IIA topoisomerases (Stuchinskaya et al., 2009), 
however contrary to this prediction, a recent study showed that the bend angles 
imposed on the G-segment by S. cerevisiae topoisomerase II, E. coli 
topoisomerase IV and human topoisomerase II!, are all very similar (Hardin et 
al., 2011), which would suggest the bend angle theory can not explain the 
difference between the non-equilibrium values achieved by these different 
enzymes.     
 
1.3 DNA in vivo 
 
Although the structure for DNA presented by Watson and Crick in 1953 
(Watson and Crick, 1953) appears on face value rather elegant, it is the very 
nature of the double helix that poses a major problem when we consider the 
role of DNA within the cell. We see from the primary structure how the genetic 
code is stored by way of a coded sequence of bases, but within the double helix 
conformation this information would be very difficult for the replication and 
transcription machinery to access. One could surmise that the cell would be far 
better off if the duplex adopted a paranemic conformation however this is not 
the case. During DNA transcription and replication, the respective machinery 
must have some method by which it is able to separate the two complementary 
strands of DNA, and so access the base pair sequence of one strand of DNA, 
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and this is achieved by the unwinding action of helicases. To aid this process 
the DNA within the vast majority of organisms is found in a negatively 
supercoiled state (i.e. the DNA can be considered as experiencing an 
unwinding force). The exception to the rule is the case of extreme thermophiles, 
where the DNA is positively supercoiled, providing the DNA with significantly 
increased stability. The advantage most organisms experience having 
negatively supercoiled DNA, is that the energy required to melt the duplex is 
much reduced. Importantly only naked DNA can be supercoiled per se, 
something which eukaryotes do not normally exhibit.  
 
While eukaryotic DNA is not found in a negatively supercoiled state as 
such, it is wrapped around nucleosomes in a left-handed fashion, and these 
superhelical turns are of a toriodal nature (i.e. the DNA forms a ‘doughnut-
shape’ - resembling a torus). This causes the duplex to experience a reduced 
twist, as B-DNA is a right-handed helix. Consequently this wrapping of the 
DNA around the nucleosomes confers the same beneficial reduction in energy 
requirement to melt the duplex as would negative supercoiling of naked DNA. 
If the nucleosomes are removed from a closed DNA circle, the plasmid is 
found to have a linking number (Lk) of approximately -1 per nucleosome 
originally present, demonstrating that the wrapping of the DNA in this fashion 
is energetically equivalent to having naked negatively supercoiled DNA. It is 
known from X-ray crystallographic studies of the core particles of nucleosomes 
(i.e. the histones) that 146bp to 147bp of DNA (variability can be accounted for 
by considering alterations in DNA twist that are evident in chromatin) wraps 
1.8 times around an octomeric histone core in a shallow left-handed superhelix 
(Bentley et al., 1984; Richmond and Davey, 2003; Richmond et al., 1984).   
 
It is important to note that although the chromosomes are often envisaged 
as having non-constrained ends, due to their size they are tethered at certain 
intervals to cellular organizing structures and so can be considered to be 
separated into topologically distinct regions. Thus we can assume the value of 
Lk will be constant within such a region assuming the integrity of the DNA 
backbone is maintained. The same is true when talking about circular DNA 
within cells, as the ends are linked and so free rotation of the duplex around its 
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helical axis is prohibited. This poses a problem for the DNA, as any unwinding 
of the DNA will lead to a compensatory positive increase in the writhe value, 
so any local generation by the cell of a negative supercoil (or reduction of twist 
as is the case in eukaryotes), will lead to the compensatory generation of a 
positive supercoil elsewhere in the duplex. The same case applies when the 
replication/transcription machinery melts the duplex (i.e. by melting the duplex, 
Tw is effectively greatly reduced, leading to positive gains in the writhe value 
elsewhere in the duplex). This is a problem that was acknowledged early on 
following the discovery of the structure of DNA. One idea that was proposed as 
a solution to this problem was that the DNA was transiently broken to allow 
removal of the compensatory positive supercoil, before being immediately re-
ligated (Delbruck, 1954). This idea turned out to be correct. 
 
Prokaryotes possess an enzyme called DNA Gyrase, which is able to 
actively introduce negative DNA supercoils into the genome by breaking the 
DNA and reducing its twist value. Because of this action the Lk value of the 
DNA is changed and so no compensatory positive supercoiling is seen. A 
similar action is seen in eukaryotes mediated by incorporation of nucleosomes 
into DNA. When DNA is wrapped in a left-handed manner around 
nucleosomes, positive supercoils form elsewhere in regions of naked DNA to 
compensate. These are immediately resolved by topoisomerases. There are 2 
major types, type I topoisomerases and type II topoisomerases. Topoisomerases 
act by breaking either one or both strands of the duplex (as described in an 
earlier section) and in doing so they are able to alter the Lk. This allows the 
underwinding of eukaryotic DNA around the nucleosomes to effectively be 
‘stored’. Topoisomerases are discussed in a previous section. 
 
In the case of duplex melting during replication, separation of the strands 
of the duplex results in positive torsional stress, which is often dissipated by 
either the formation of positive supercoils forming ahead of the fork, or the 
formation of precatenanes behind the fork. Conversion of positive supercoils 
ahead of the fork to precatenanes behind the fork is proposed to occur via a 
process known as replisome swiveling, but in addition to this the torsional 
stress experienced by the DNA molecule will be shared between the replicated 
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and non-replicated regions until an equilibrium state is obtained (Witz and 
Stasiak, 2010) thereby producing precatenanes even in the absence of the 
ability of the fork to swivel. So often are these precatenanes formed, that the 
newly replicated DNA must be cut every 10-20 bases, and the sister duplex 
passed through the cut by type II topoisomerases, to ensure sister chromatids do 
not remain entangled (Hardy et al., 2004). Even with such a high rate of 
decatenation during replication, they are not all resolved, as catenations persist 
right up to anaphase (Baxter et al., 2011). This process of production of mature 
catenated nodes as a result of replication is further explained in a later section.  
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1.4 SMC Proteins 
 
Structural Maintenance of Chromosome (SMC) proteins encompass a 
family of ATPase proteins. These are characterized as having roles in the 
manipulation of the cell’s genetic material. They act directly on the structure of 
the chromatin as well as having roles in relation to altering the spatial 
orientation of each chromosome relative to other chromosomes within the 
cellular environment. Due to the nature of their function they have been 
attributed roles in sister chromatid cohesion, chromosome condensation, and 
DNA damage repair and recombination (Jessberger, 2002). Members of the 
SMC family of proteins are highly conserved from prokaryotes to higher 
eukaryotes (Cobbe and Heck, 2000, 2004), demonstrating the importance of 
their function in chromosome metabolism. All SMC proteins share a significant 
level of structural similarity. They are characterised by two extended coiled-
coil regions, separated by a short ‘hinge’ region. It is about this ‘hinge’ region 
that the protein folds back on itself, causing the two coiled-coil regions to adopt 
an antiparallel alignment. The N- and C-terminal domains of the proteins are 
globular in nature and held adjacent to each other (Jessberger et al., 1998).  
 
The SMC proteins form specific heterodimers. In eukaryotes SMC proteins 
have been shown to form three distinct complexes with other non-SMC 
subunits in vivo, namely Cohesin (Smc1/Smc3), Condensin (Smc2/Smc4) and 
the Smc5/6 complex.  
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1.4.1 Cohesin 
 
1.4.1.1 Cohesin Structure 
 
Cohesin is a complex consisting of 2 members of the SMC family of 
proteins, Smc1 and Smc3, and two non-SMC proteins, Scc1 and Scc3. As with 
all SMC complexes, Smc1 and Smc3 form a heterodimer by association of the 
two ‘hinge regions’, while the ATPase containing globular head domains are 
associated with opposite ends of the non-SMC Scc1 kleisin protein (Haering et 
al., 2002). Scc3 is known to bind to Scc1. This arrangement of proteins allows 
the complex to form a large tripartite proteinaceous ring-like structure, as 
depicted in Figure 9. The Cohesin complex is highly conserved from 
prokaryotes to eukaryotes (Cobbe and Heck, 2000) and homologues of the 
involved proteins in S. cerevisiae, S. pombe, D. melanogaster and mammalian 
cells are shown in Table1. The vertebrate cohesin complex has been 
demonstrated to adopt this ring-like conformation when the individual 
components of the complex are isolated and then incubated together in vitro 
(Anderson et al., 2002). 
 
 
 
 
1.4.1.2 Cohesin Function 
 
The Cohesin complex was initially described as a major player in the 
establishment and maintenance of sister chromatid cohesion established 
following replication of the genetic material and persisting until anaphase. Scc1 
was identified as being involved in sister chromatid cohesion when it was 
shown that mutants of this protein suffer premature sister chromatid 
segregation (Guacci et al., 1997), while another study demonstrated that 
mutants of other members of the cohesin complex suffer chromosomal loss at 
relatively high frequency and are capable of sister chromatid segregation in the 
absence of the activated APC, a complex known to be required upstream of 
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dissolution of Cohesin mediated cohesion in WT strains (Michaelis et al., 1997). 
Such evidence provided robust proof that the Cohesin complex plays a major 
role in the establishment and maintenance of sister chromatid cohesion. 
 
While it has been shown that both the C-terminal domain and the coiled-
coil domain of SMC proteins are capable of binding double stranded DNA 
(Akhmedov et al., 1998; Akhmedov et al., 1999), the proteinaceous ring-like 
structure of the complex has lead to other theories on how the complex is able 
to confer cohesion between sister chromatids. The more highly accepted of 
these theories suggests that the complex confers cohesion through a topological 
embrace of sister chromatids, as oppose to a direct binding of the two 
chromatin strands. In addition to knowledge of the ring-like structure of 
cohesin, studies have shown that proteolytic cleavage of the Scc1 protein (a 
member of the Kleisin family of proteins) causes the Cohesin complex to 
dissociate from chromatin (Gruber et al., 2003). It was suggested that this result 
is mutually exclusive from the idea that Cohesin complex function was 
conferred by direct binding of the SMC proteins to the chromatin. Further to 
evidence suggesting that cohesin may confer its role through some form of 
topological embrace there have been a number of models for how this is 
achieved. These include speculation that one cohesin complex may itself 
encompass both sister chromatids (ring model), or that numerous complexes 
interact with each other to tether sister chromatids together (bracelet and 
handcuff models) (Huang et al., 2005).  
 
 
 
 
1.4.1.3 Cohesin Associated Proteins and Complexes 
 
Although Cohesin is attributed with the role of providing sister chromatid 
cohesion, it is unable to perform this function without aid from additional 
proteins and complexes. Cohesin is unable to load to chromosomes without the 
help of an additional complex, the Scc2/Scc4 complex (Ciosk et al., 2000). The 
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Scc2/Scc4 complex does not load Cohesin onto chromatin randomly; rather it 
has been shown to load Cohesin onto chromosomes in late G1, before 
replication has occurred, where it remains until the onset of anaphase. However 
in G1 Cohesin is not cohesive. Following replication of the genome an 
additional protein, the acetyltransferase Eco1, is required for loaded Cohesin to 
become cohesive (Toth et al., 1999). This protein is highly conserved among 
eukaryotes, however unlike Cohesin it is only required during S-phase. Studies 
have shown that Smc3 is acetylated in an Eco1-dependent manner during DNA 
replication and it is this action, which promotes the cohesive nature of Cohesin 
(Rolef Ben-Shahar et al., 2008). Further studies have shown that this 
acetylation confers sister chromatid cohesion by blocking an opposing ‘anti-
establishment’ force conferred on Cohesin by the Wpl1/Pds5 complex 
(Rowland et al., 2009). It has been proposed that acetylation by Eco1 displaces 
the Wpl1/Pds5 complex from cohesin and removal of this anti-establishment 
force allows loaded Cohesin to become cohesive (Sutani et al., 2009). 
Additionally Cohesin is localized along chromatin in a non-random fashion. 
Whether the complex is loaded in this non-random manner or whether it is 
mobile once loaded onto chromatin and ‘slides’ to preferred sites after loading 
is as yet unknown. What is known is that the Scc2/Scc4 complex is found 
enriched at sites known as ‘Cohesin Associated Regions’ (CARs), and that this 
co-localisation between the Scc2/Scc4 complex and the Cohesin complex 
persists until after S-phase. In addition the affinity of the Scc2/Scc4 complex 
for CARs increases as the cell cycle progresses from G1, however it does so in 
a manner independent from Cohesin, suggesting that the Cohesin complex is 
targeted in some way to CARs by the presence of the Scc2/Scc4 loaded 
complex (Kogut et al., 2009).   
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1.4.1.4 Cohesin Dissolution  
 
In S. cerevisiae Cohesin, once loaded, remains on chromosomes until it is 
removed at the metaphase to anaphase transition allowing for competent sister 
chromatid segregation to the poles of the dividing cell. This process of Cohesin 
dissolution is initiated by M-Cdks, which phosphorylate core subunits of the 
Anaphase Promoting Complex (APC). This allows the binding of Cdc20 to the 
APC, which activates the complex. The APC is an E3 ubiquitin ligase and once 
activated it targets Pds1 (Securin) for degradation. Pds1 is responsible for 
sequestering the protein Esp1 (Separase) thus inhibiting the Esp1 activity. Once 
Pds1 is degraded Esp1 is released in its active form. Esp1 is subsequently 
responsible for cleaving the Scc1 kleisin subunit of the Cohesin complex at 
residues R180 and R268 (Uhlmann et al., 1999). It is this cleavage of Scc1 that 
causes the Cohesin complex to dissociate from the chromosomes and thus 
permits competent sister chromatid segregation. A variant of the Scc1 protein 
has been constructed that is Esp1 dependent cleavage resistant. This protein is 
able to load onto chromosomes and is competent for generation of cohesion, 
however is unable to be removed resulting in cells being unable to segregate 
sister chromatids and thus producing daughter cells with abnormal DNA 
content (Uhlmann et al., 1999). This mutant has been used in this project.  
 
 
 
 
1.4.1.5 Cohesin in DNA Damage 
 
In addition to the role of the Cohesin complex in providing cohesion 
between newly replicated sister chromatids, another role of cohesin has been 
described during the process of DNA damage repair. It has been shown in a 
number of studies, that strains which possess mutations in any of the Cohesin 
complex subunits, or strains with mutations in proteins affecting Cohesin 
loading or the establishment of Cohesin-mediated cohesion are all 
hypersensitive to DNA damage (Atienza et al., 2005; Sjogren and Nasmyth, 
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2001). Additionally it has been demonstrated that repair of double strand 
breaks arising from replication through a nick is directly reliant on the presence 
of functional Cohesin complex (Cortes-Ledesma and Aguilera, 2006). The 
explanation for this apparent cohesin/cohesion dependent DNA damage repair 
is derived from the working model of homologous recombination (HR). HR is 
the preferred method of DNA damage repair in cells and requires the presence 
of a template DNA strand identical to the broken chromosome (i.e. the 
replicated sister chromatid), from which the sequence is copied to result in 
repair of the damaged strand (Mazon et al., 2010). To add further credence to 
the idea that Cohesin is required for double strand break repair, it has been 
shown that following a double strand break, Cohesin is recruited to the site of 
the break and is capable of generating cohesion regardless of cell cycle stage 
(Strom et al., 2004), however studies suggest that this cohesion is generated in 
a manner differing from cohesion generation in S-phase (Heidinger-Pauli et al., 
2009). Importantly it has been shown that Cohesin loading and generation of 
cohesion following a double strand break is not a localized effect centered 
around the site of the break, rather it is an effect experienced throughout the 
genome (Strom et al., 2007; Unal et al., 2007). This genome wide reactivation 
of Cohesin-mediated cohesion could be a by-event caused by the generation of 
cohesion at the break, or it could occur in a attempt to reinforce cohesion later 
in the cell cycle so as to cause less interference with essential processes such as 
DNA replication (Strom and Sjogren, 2007). 
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Figure 9 - Cartoon representation of the Cohesin complex in S. 
cerevisiae 
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Table 1 - Cohesin subunits on eukaryotic model organisms 
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1.4.2 Condensin 
 
Condensin’s are multisubunit protein complexes that play vital roles in the 
structural and functional organizations of chromosomes. In vertebrates there 
are two different Condensin complexes, namely Condensin I and Condensin II. 
These two complexes have their own distinct functions and are found to be 
subject to different levels of cell cycle regulation. In lower organisms there 
exists only one Condensin complex, which is similar to Condensin I. 
Condensin I is highly conserved from yeasts such as S. cerevisiae all the way to 
vertebrate species, whereas the Condensin II complex is found only in higher 
eukaryotes such as C.elegans and vertebrates.  
 
 
 
 
1.4.2.1 Condensin Structure 
 
In the model organism S. cerevisiae the Condensin complex is formed 
from two core SMC proteins, Smc2 and Smc4, which form a heterodimer by 
the association of their ‘hinge regions’. These SMC proteins share structural 
similarity with other SMC proteins, and maintain the ATPase activity in their 
head domains. The Smc2/Smc4 heterodimer associates with a further three 
non-SMC proteins, Ycs4, Ycg1 and Brn1, to form the complete S. cerevisiae 
Condensin complex. The genes encoding all of these subunits are essential for 
the viability of the cell in vivo (Freeman et al., 2000).  
 
Unlike the S. cerevisiae model, in vertebrates there are two forms of 
Condensin. These are aptly named Condensin I and Condensin II, and have 
been shown to have a range of functions, often independent of one another. For 
a complete list of homologous proteins found across a variety of model 
organisms refer to Table2. Condensin is widely accepted as having a rod-like 
conformation, a model confirmed by visualizing in vitro reconstructions of the 
complex (Anderson et al., 2002). This is in contrast to the ring-like model 
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theory, held by Cohesin, although a recent study has claimed that there is 
evidence for Condensin forming Cohesin-like open ring structures (Cuylen et 
al., 2011). More research is required in this area to elucidate the true nature of 
the complex.   
 
 
 
 
 
 
 
 
 
1.4.2.2 Condensin Function 
 
The Condensin complex has been demonstrated to play a major role in 
modulating the architecture of mitotic chromosomes, in particular during the 
dramatic change in chromosome structure that accompanies chromosome 
condensation, a process that facilitates competent chromosome segregation. It 
has been shown in S.pombe that at the onset of mitosis the five proteins 
required to form the functional Condensin complex are imported into the 
nucleus (Sutani et al., 1999), whereas by contrast S. cerevisiae maintains these 
subunits in the nucleus throughout the cell cycle (Freeman et al., 2000). One 
possible explanation for this is that in S. cerevisiae, G2 is considered as being 
Table 2 - Condensin subunits on eukaryotic model organisms (Hirano, 2012).  
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exceedingly short, or indeed non-existent, as the spindle begins to form prior to 
completion of replication. Early studies in S. cerevisiae showed that mutations 
in either the SMC2 or SMC4 genes prevent faithful segregation of the rDNA 
due to condensation defects, however unlike mutants of the Cohesin SMC 
genes, these Condensin mutants do not appear to affect sister chromatid 
cohesion, in spite of the structural similarity shared by the 2 complexes 
(Freeman et al., 2000). In slight contrast to this, studies carried out in chicken 
DT40 cells have shown that when the Condensin subunit Smc2 is depleted 
from cells, the highly condensed chromosome structure seen in metaphase is 
lost as the cells transition into anaphase and upon attempted segregation of the 
chromosome complement, anaphase bridges are seen to form, indicting a 
genome wide failure of competent chromosome segregation (Vagnarelli et al., 
2006).  
 
One could predict from these findings that organisms experiencing a more 
extreme form of condensation as a result of the action of Condensin are more 
highly affected when the Condensin complex is inactivated. More recently the 
Condensin complex has been assigned roles that have genome wide 
implications in both S. cerevisiae and other model organisms. In addition to 
this important role in allowing competent segregation in mitosis, Condensin has 
been attributed important roles in meiosis. It has been shown that Condensin, 
along with Cdc5, plays in important role in the removal of Cohesin from 
chromosomes prior to anaphase I, without which the resolution of 
recombination structures between homologues formed in prophase I fails. 
Consequently the cell is unable to achieve correct segregation of homologues 
(Yu and Koshland, 2005).   
 
Further evidence for the role of Condensin at a genome wide level in S. 
cerevisiae was provided by a study, which demonstrated that during the 
metaphase to anaphase transition, the chromatin structure undergoes a 
topological shift characterized by a switch from a state of negative supercoiling 
to a state of positive supercoiling in an Smc2-dependent manner. This 
transition was shown to direct the action of Topoisomerase II towards 
chromosome decatenation. The concept that the role of Condensin is somehow 
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linked to the action of Topoisomerase II is further supported by the knowledge 
that when histones are extracted from mitotic DNA in vivo there is found to be 
a remaining insoluble fraction, dubbed the chromosome scaffold fraction, 
which contains both Smc2 and Topoisomerase II (Earnshaw et al., 1985; 
Gasser et al., 1986). Additionally the assembly of the chromosome scaffold 
was later found to be dependent on the presence of active Condensin complex 
(Hudson et al., 2003). The presence of a fraction of DNA bound proteins 
containing topoisomerase II and Condensin subunits, and whose assembly is 
dependent on the Condensin itself, indicates that Condensin plays an important 
role in topology of mitotic chromosomes. Specifically it suggests a possible 
role for Condensin in the decatenation of chromosomes (as this is one of the 
main roles topoisomerase II has been tasked with).  
 
This switch in the genome wide supercoiling state of the chromatin was 
negated when the SMC2 gene was mutated to inactivate the protein at raised 
temperatures, demonstrating that the Condensin was a major player in this 
transition (Baxter et al., 2011). Previous studies using alternative models have 
also demonstrated the ability of Condensin to alter the topological state of 
DNA in an in vitro setting in an ATP-dependent manner (Bazett-Jones et al., 
2002; Kimura and Hirano, 1997), suggesting that this topological alteration 
mediated by Condensin in S. cerevisiae is not limited to this organism. To 
further expand the role of Condensin in altering chromosome conformation to 
aid segregation, it has been shown that following anaphase residual ‘cohesion’ 
has been exhibited, the nature of which has been thus far undefined. Upon 
initial segregation of the centromeres, the chromosomes display a ‘stretching’ 
and ‘recoiling’ phenotype, and this recoiling has been shown to be dependent 
on Condensin (Renshaw et al., 2010). Whether the nature of this recoiling is in 
aid of removing residual Cohesin mediated cohesion, as demonstrated in 
meiosis, or to aid resolution of persistent catenated nodes within the genome is 
as yet undetermined, but whether individually, or in concert, these two 
possibilities add further credence to the role played by Condensin in aiding 
proficient sister chromatid segregation.   
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1.4.2.3 Condensin Activation 
 
Due to the apparent ability of the Condensin complex to alter the 
conformation of a cells genomic complement, it is imperative that the activity 
of the complex is tightly regulated. A number of studies have analysed how 
Condensin is activated and consequently able to enact the roles mentioned 
above. The general consensus is that the complex is activated by post-
translational modifications of Condensin subunits. Experimental data would 
suggest that chromosome condensation seen at the beginning of mitosis is the 
earliest cytological sign of Condensin activation, as this process is seen to be 
entirely dependent on Condensin (Hudson et al., 2009). CDK1 activity peaks at 
the onset of mitosis, and chromosome condensation is highly dependent on this 
factor. It has been demonstrated that Condensin is the most likely effector of 
CDK1 activity due to the requirement of Condensin for condensation. 
Additionally it has been shown that many of the postulated in vivo Condensin 
activities can be demonstrated in vitro by phosphorylating isolated Condensin 
subunits at CDK1 target sites (Kimura et al., 1998). This suggests that 
Condensin activities are regulated predominantly through phosphorylation of 
particular Condensin subunits, and not through other means such as varying 
Condensin subunit levels in vivo; Condensin subunits have been shown to be 
present at unchanged levels throughout the cell cycle in a number of organisms 
(Freeman et al., 2000; Takemoto et al., 2004). Additionally recruitment of 
Condensin to the nucleus at the onset of anaphase is unlikely to be responsible 
for activation of the complex, as in S. cerevisiae Condensin subunits are 
localized in the nucleus throughout the cell cycle (Freeman et al., 2000). The 
same has been demonstrated to be true for Condensin II in higher organisms 
(Ono et al., 2004).  
 
These studies seem to point to phosphorylation of Condensin as its main 
method of activation. A number of studies using mass spectrometry have 
demonstrated Condensin subunits as being highly phosphorylated, as shown in 
Figure 10. 
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Figure 10 - Phosphorylation sites of Condensin subunits (Bazile et al., 
2010) 
 
Importantly, abrogation of condensin phosphorylation is incompatible with 
cell viability and cells expressing mutants of the condensin regulatory subunits, 
which have a reduced ability to become phosphorylated display condensation 
abnormalities (St-Pierre et al., 2009). Interestingly removal of all of the 
phosphorylation sites identified by mass spectrometry in Ycg1 drastically 
reduces the phosphorylation of Condensin to levels below what would be 
expected given the number of possible sites located in other subunits (St-Pierre 
et al., 2009), suggesting that while many predictable sites within the complex 
exist, some play a larger role in the activation of the complex in respect to its 
ability to modulate the conformation of chromatin.  
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In addition to CDK1, Condensin subunits have been seen to be targets of 
numerous other kinases during the cell cycle including a number of major 
players in the regulation of mitosis, such as Aurora B / Ipl1 (Lipp et al., 2007; 
Takemoto et al., 2007), Polo/Cdc5 (St-Pierre et al., 2009), and Casein Kinase II 
(CKII) (Takemoto et al., 2006).  The relative importance of these different 
factors in the activation of Condensin is yet to be ascertained, and indeed it is 
unknown how phosphorylation of Condensin subunits by these factors 
cooperates with phosphorylation by CDK1. To further complicate the situation, 
it is not known whether CDK1 is directly responsible for activation of 
Condensin in vivo or whether it is required for the activation of other factors 
who in turn are responsible for the phosphorylation dependent activation of 
Condensin. It is reasonable to suggest that there must be some aspect of 
cooperation between CDK1 and other kinases, as chromosome condensation is 
required to persist beyond the point of anaphase, when the CDK1 activity 
levels decrease.        
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1.5 S. cerevisiae Cell Cycle 
 
1.5.1 Overview 
 
All cells are produced from the division of pre-existing cells. It is the 
process by which a cell leaves the stationary growth phase, replicates its DNA 
complement in a highly accurate and reliable fashion, and eventually separates 
this genomic complement equally between two newly formed daughter cells 
before returning to interphase, that is referred to as the cell cycle. This process 
involves a highly coordinated and tightly regulated series of events to ensure 
that the cell cycle is entered only in conditions warranting cell proliferation. 
Failure to coordinate the required events can lead to major problems within the 
cell, and if cells are permitted to continue through the cycle in an unfit state, 
this can result in conditions such as aneuploidy. Failure to tightly regulate entry 
to the cell cycle can have dire consequences for the organism, and can manifest 
as pathologies such as cancer. Most proteins, RNA’s and other cellular 
macromolecules are continuously synthesised throughout the cell cycle, and are 
found ubiquitously throughout the cytoplasm. As a result the equal portioning 
of these does not require its own system, as they become separated into the two 
daughter cells as a result of the cytoplasm splitting at the culmination of mitosis.  
 
Saccharomyces cerevisiae is a commonly used model organism for 
studying cell cycle related processes. Its fast growth rate and ease of genetic 
manipulation, combined with the ability to synchronously arrest entire cultures 
at specific cell cycle stages using a variety of different protocols makes it a 
fantastically versatile tool for studying the underlying mechanisms of the 
eukaryotic cell cycle. In S. cerevisiae the entire cell cycle in wild-type cells has 
been seen to take approximately two hours, during which time 15Mb of DNA 
is accurately replicated and packaged into mitotic chromosomes, before being 
equally divided between the two newly formed daughter cells. The cell cycle is 
typically divided into 4 stages, defined on the basis of the chromosomal events 
in progress. These stages are G1, S phase, G2 and M phase. During G1, the cell 
contains only a single copy of the genetic information (all experiments in this 
INTRODUCTION 
 55 
study have been carried out in haploid cells) and is not committed to 
proliferation; the cell is stationary but receptive to growth signals that will 
permit it to pass a particular point of the cycle that occurs in late G1, defined as 
the START point. This START transition is very tightly regulated, as passage 
through this barrier commits the cell to the rest of the cycle. Following this 
transition the cell enters S-phase, where it accurately duplicates its DNA 
content, resulting in two identical copies of the genome, each copy of which is 
cohesed to its identical pair via DNA intertwines (catenations) and the 
encompassing of both copies with the Cohesin complex’s tripartite ring 
structure. Coinciding with DNA replication, the cell up-regulates synthesis of 
additional proteins required for the packaging of the duplicated DNA 
complement, such as histones, into chromosomes. Once duplicated the identical 
sisters are referred to as chromatids. The cells then enter a second interphase 
referred to as G2, whereby the cells are permitted additional time for growth 
and synthesis of proteins required for the completion of mitosis. Additionally 
G2 acts as a regulatory phase whereby the cell scans the genome for damage to 
ensure S-phase has completed correctly. If this has failed the cell stalls in G2 
until the errors are corrected, thus ensuring that the two daughter cells will have 
the correct DNA complement and thus be viable. The length of G2 can vary 
dramatically between organisms, with some having very extended G2 phases, 
while others display no detectable G2 at all (as is the case in S. cerevisiae). In 
these instances the start of M-phase appears to overlap with the end of S-phase. 
Providing the signals are adequate, the cell progresses to the final phase of the 
cycle where the chromatids are divided between the daughter cells (mitosis) 
and the cell cytoplasm splits in two (cytokinesis).   
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1.5.2 Cell Cycle Regulation 
 
It is imperative that the entry into the various stages of the cell cycle is 
tightly regulated, to prevent the cell replicating at inappropriate times, and to 
ensure that once committed, the various stages are completed correctly before 
progressing. One of the major players in this stage-dependent regulation is the 
Cyclin-dependent kinase (CDK), also called Cdc28. As the name suggests, it is 
the responsibility of a second class of proteins, dubbed Cyclin’s, to regulate the 
activity of Cdc28 throughout the various stages of the cell cycle. A cell will 
initially be committed to the cell cycle when it reaches a critical size and 
achieves a critical rate of protein synthesis. While in G1, the activity of the 
Cdc28 is regulated by three type N Cyclins, Cln1, Cln2 and Cln3. These three 
cyclins are differentially expressed throughout different stages of G1 and when 
associated with Cdc28 they initiate different aspects of its activity. This allows 
the cell a level of temporal control over the processes required to transition into 
S-phase. It is the role of the Cln1-3 proteins to coordinate cell cycle growth 
with division by permitting transition through the START checkpoint at the 
correct time. Cln3 is the first cyclin to accumulate in the cell, as it is transcribed 
from late M-phase to early G1 (Baroni et al., 1994; Tokiwa et al., 1994), and it 
is the Cdc28-Cln3 complex that stimulates transcription of Cln1-2. Cln1 and 
Cln2 are suppressed by the cAMP signal, demonstrating their ability to sense 
growth characteristics of the cell, however when active they display a higher 
kinase activity than does the Cdc28-Cln3 complex. Cdc28-Cln1-2 have been 
demonstrated to be responsible for the increased transcription of elements 
required for cell growth and progression into the cell cycle (Tyers et al., 1993), 
whereas Cdc28-Cln3 has been shown to initiate transcription of the S-phase 
cyclins Clb5 and Clb6 (Epstein and Cross, 1992; Schwob and Nasmyth, 1993). 
Initially the Cdc28-Clb5-6 complex is inhibited by the binding of Sic1 (Schwob 
et al., 1994), and only once the cell has reached a critical mass, sufficient to 
sustain cell duplication, is the Sic1 molecule hyper-phosphorylated by the high 
Cdc28-Cln1-3 levels resulting in the release of active Cdc28-Clb5-6 (Feldman 
et al., 1997; Nash et al., 2001). These S-phase Cyclins, when bound to Cdc28, 
promote the degradation of the G1 Cyclins (Lanker et al., 1996). Entry into S-
phase is charcterised by the firing of licensed origins (explained fully in 1.5.3). 
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Following successful completed DNA replication during S-phase the cells then 
progress into G2. Unlike mammalian cells and other model organisms such as S. 
pombe, in S. cerevisiae the G2 phase is very short, indeed it is difficult to 
define the end of S-phase and the beginning of M-phase as the two overlap. 
Delaying the onset of M-phase is the role of the kinase Swe1, whose 
phosphorylation state is sensed by the cell as a signal for whether or not to 
progress to M-phase (Lee et al., 2005). Progression from G2 into M-phase is 
triggered by the Cdc28-Clb1-4 complexes (Amon et al., 1993; Fitch et al., 
1992). These complexes are involved in triggering nuclear envelope breakdown, 
spindle assembly and organization, chromosome condensation, and Golgi 
fragmentation. Additionally they are involved in the regulation of the APC 
(anaphase promoting complex) (Miele, 2004; Nigg, 2001), which possesses an 
ubiquitin-ligase activity (Rahal and Amon, 2008). In contrast to higher 
eukaryotes, S. cerevisiae progresses through the majority of M-phase with an 
intact nuclear envelope. As the name suggests, activation of the APC by 
association with its activator molecule Cdc20 triggers the transition from 
metaphase to anaphase, by initiating a cascade resulting in the dissolution of 
intra-chromatid cohesion (for full details see 1.5.5.1), thus allowing faithful 
chromatid segregation to the poles. During the late stages of mitosis, mitotic 
exit events are put into action, to complete the process of cell division and reset 
the daughter cells to G1. The APC/Cdc20 complex plays a role here, as it 
triggers the degradation of mitotic Cyclins and the release of Cdc14 via the 
FEAR pathway (Stegmeier et al., 2002). Cdc14 is a protein phosphatase whose 
activation via two pathways drives mitosis and eventually triggers mitotic exit. 
The cascade of events triggered by the FEAR pathway eventually result in 
activation of the MEN (mitotic exit network) pathway which triggers the final 
events involved in mitotic exit (McCollum and Gould, 2001). Cdc14 activation 
via the MEN pathway is ultimately responsible for removing the mitotic 
phosphorylations from a broad range of substrates resulting in inactivation of 
mitotic kinases, and contrasting activation of other proteins required for mitotic 
exit. In effect it brings about a condition whereby the cell has an interphase 
state of CDK activity while triggering cytokinesis to complete the formation of 
two daughter cells. Importantly the factors governing mitotic exit ensure the 
temporal order between chromosome segregation and cytokinesis (Bosl and Li, 
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2005), so as not to split the cell prior to correct spatial organisation of the 
genomic complement.    
 
 
 
 
1.5.3 Cell Cycle Checkpoints 
 
In addition to the highly choreographed alteration in the transcription and 
timely degradation of particular Cyclins throughout the cell cycle, the cell can 
also be blocked at particular stages of the cycle by checkpoints. These 
checkpoints can be defined as networks of sensor and effector proteins, which 
are responsible for controlling the timing of the passage of the cell through key 
points in the cell cycle, in relation to the progress of previously initiated 
processes. Such checkpoints are triggered if the cell does not possess a 
prerequisite condition, delaying it in a particular cell cycle phase until the 
source of the stress is resolved.  
 
There are a number of cell cycle checkpoints in eukaryotic cells. If we start 
from a G1 position, the first of these encountered by the cell is the START 
checkpoint (Hartwell et al., 1974), located at the G1/S transition, passage 
through which initially commits the cell to division. This is regulated by the 
cell cycle growth status and protein synthesis levels, which are sensed by Cln1 
and Cln2 as explained previously. Additionally the cell is responsive to 
extracellular signals at this point, which are capable of either preventing the 
START transition or favouring it. An example of such a signal would be that 
provided by the presence of mating pheromones, which inhibit the transition 
into S-phase. In conditions of nutrient starvation or mating pheromone presence 
the levels of Cln3 drop such that Cln1 and Cln2 transcription is not activated. 
Transition through this START checkpoint is irreversible due to positive 
feedback loops in the Cdk1 (Cdc28) control system.  
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The next major checkpoint the cell encounters is located at the G2/M 
transition, and this checkpoint ensures DNA replication has completed 
successfully and that the genome is undamaged, thus being in a state competent 
for metaphase and the eventual segregation of the genomic complement to the 
daughter cells. This checkpoint has been extensively studied using a variety of 
DNA-damaging agents such as Methyl Methane Sulphonate (MMS) and ultra-
violet (UV) radiation. The main signal representative of DNA damage (and 
similarly DNA replication defects) is the detection of single stranded DNA 
(ssDNA) and Replication Protein A (RPA), which is a ssDNA binding protein, 
whose role it is to protect the ssDNA stretches from nucleolytic damage, and 
erroneous DNA re-annealing, consequently allowing the DNA repair pathways 
to resolve the damage (Fanning et al., 2006; Marini et al., 2006). Additionally 
this DNA damage checkpoint has been studied using site-specific 
endonucleases, such as the HO-endonuclease system and the I-SceI 
endonuclease system. These enzymes are capable of inducing site-specific 
double strand breaks (DSB’s) in the DNA at predetermined locations in the 
genome, consequently allowing direct study of local features occurring at these 
lesions. It is important to note that although it is common to refer to the DNA 
damage checkpoint as having the ability to halt the cell’s progress through the 
cycle at the G2/M transition, if the DNA damage occurs during G1 the 
checkpoint will hold the cell at the START checkpoint until the damage is 
resolved, however this delay has been demonstrated to be significantly less 
robust in S. cerevisiae than it is in higher eukaryotes (Wysocki et al., 2006).  
 
The final major checkpoint occurs at the metaphase to anaphase transition 
and is referred to as the spindle assembly checkpoint. It is the role of this 
checkpoint to ensure that the chromosomes are correctly orientated on the 
metaphase plate and have attained a bipolar attachment to the mitotic spindle. 
Treating cells with a microtubule-depolymerizing drug can artificially trigger 
this checkpoint. A number of protein sensors and effectors have been identified 
as controllers of this checkpoint, with two similar screens identifying the major 
players Bub1-3 and Mad1-3, some of which are localized at the kinetochores 
while others have been shown to localize to the spindle poles (Hoyt et al., 
1991; Li and Murray, 1991).        
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1.5.4 DNA Replication / Catenane Formation 
 
DNA replication occurs during S-phase of the cell cycle, and always 
begins at pre-determined sites of the genome known as replication origins 
(Stinchcomb et al., 1979). Prior to being fired, replication origins must be 
licensed, and only those origins that become licensed will be fired in that cell 
cycle, ensuring that only one round of replication can occur during each cycle 
(Blow and Dutta, 2005). Licensing occurs during M-G1 phase of the cell cycle, 
in the absence of Cdc28-Clb1-6 activity, by the formation of pre-replication 
complexes (pre-RC). This complex is formed from the loading of the 
MiniChromosome Maintenance (MCM) complex (Mcm2-7) onto DNA 
sequences known as Autonomous Replication Sequences (ARS), in a Cdc6-, 
Cdt1- and ORC-dependent process (Aparicio et al., 1997; Chong et al., 1995; 
Tanaka et al., 1997). Not all licensed origins will fire in every cycle, and not all 
those that do fire will do so at the same time. Some origins are fired early in S-
phase, with the majority firing in mid-S-phase, and a small number firing in 
late S-phase (Feng et al., 2006; Raghuraman et al., 2001; Weinreich et al., 
2004; Wyrick et al., 2001). Ultimately it is the combination of Cdc28-Clb5-6 
dependent phosphorylation of Sld2-3 and Cdc7/Dbf4 dependent 
phosphorylation of Mcm5 that triggers origin firing (Hardy et al., 1997; Tanaka 
et al., 1997; Zegerman and Diffley, 2007). This group of phosphorylations, 
while not exhaustive, is sufficient to promote recruitment of the factors 
required to build the replication machinery at the origin. These factors are Sld2, 
Sld3, Cdc45, the GINS complex, the DNA polymerase ε subunit Dpb11 and 
Mcm10 (Mendez and Stillman, 2003).  
 
Once replication has been triggered the Mcm2-7 complex, which acts as 
the putative replicative helicase, unwinds the DNA forming the replication 
bubble. This yields stretches of ssDNA that are immediately shielded from 
DNA damage sensing pathways by the binding of the Replication Protein A 
(RPA) (Tanaka and Nasmyth, 1998). DNA polymerase α is then recruited to 
synthesize short RNA-DNA primers, following which DNA polymerase " is 
recruited to continuously synthesize the leading strand, while DNA polymerase 
# is recruited to synthesize the lagging strand by producing discontinuous 
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Okazaki fragments, which are cleaved by RNaseH1, processed by FEN1 and 
Dna2, and finally ligated by the DNA ligase Cdc9 (Johnson and O'Donnell, 
2005; Kao and Bambara, 2003; Mendez and Stillman, 2003; Pursell et al., 
2007). DNA elongation requires a host of additional factors such as type I and 
type II topoisomerases and chromatin remodeling complexes to allow 
progression of the replication fork, in addition to other proteins such as the 
helicase Rrm3 (Bermejo et al., 2007; Ivessa et al., 2003; Vincent et al., 2008). 
Finally when two replication forks travelling in opposite directions meet, 
replication termination occurs, however the mechanics of this process are still 
poorly understood.   
 
 The most common cause of catenated DNA in an in vivo setting is due to 
the process of DNA replication (explained previously) occurring within the 
confines of topologically distinct chromosomal regions. Formation of 
catenations during replication has been described in a number of different 
systems (Jaenisch and Levine, 1973; Kupersztoch and Helinski, 1973). This 
phenomenon occurs as DNA duplex melting during replication causes positive 
torsional stress resulting often in both formation of positive supercoils (i.e. left 
handed superhelices) ahead of the fork and precatenanes (where opposing 
newly replicated segments wrap around each other in a right-handed fashion) 
behind the fork; precatenanes eventually form catenations at the culmination of 
replication (this is shown in Figure 11).  
 
 
Figure 11 - Strand separation due to replication results in the 
introduction of catenated nodes between newly formed sister DNA strands 
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The reason that geometric winding changes between the replicated portion 
of the DNA and the non-replicated portion (when considering a process aimed 
at reducing the same high energy state) is because in the non-replicated region 
the DNA is folded back on itself, changing the topological orientation of 
segment wrapping (Witz and Stasiak, 2010). It is essential that regions of 
positive torsional stress generated ahead of the fork are relieved rapidly, as this 
stress opposes DNA strand separation and induces fork reversal (Fierro-
Fernandez et al., 2007). It is by the action of the topoisomerases that these 
regions are relaxed. However when two opposing forks approach each other, 
topoisomerases become spatially occluded from the region harboring 
compensatory positive supercoils, causing more of this torsional stress to 
become dissipated behind the fork in the form of precatenanes. Not all of the 
precatenanes are resolved by the end of replication and this is what leads to the 
formation of a catenated node. Catenations in genomic DNA have been shown 
to persist until the very end of mitosis (Baxter et al., 2011). It is essential that 
DNA topoisomerases are able to push the system beyond the equilibrium value, 
until the linking number reaches 0. Was this not the case, the cell would 
experience a certain degree of chromosome non-disjunction at anaphase. 
Analysis of such mechanisms forms part of my project. 
 
 
 
 
1.5.5 Sister Chromatid Segregation 
 
Segregation of sister chromatids occurs at the onset of anaphase only when 
the chromosomes are correctly oriented on the metaphase plate and attached in 
a bipolar manner to the mitotic spindle. For this process to be a success, two 
different events need to occur, firstly the cohesion maintaining the sister 
chromatids together needs to be resolved, such that the sister chromatids are 
free to migrate in opposite directions, and additionally the mitotic spindle needs 
to provide the force to segregate the sister chromatids to the opposite poles of 
the cell, so as to allow the cytokinetic furrow to form unperturbed, and the cell 
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to divide into two newly replicated daughter cells. Importantly these two events 
are not temporally distinct, rather the force applied to the cohesed 
chromosomes is present prior to the dissolution of cohesion; in one capacity 
tension generated by the mitotic spindle on the cohesed sister chromatids aids 
the orientation of the chromosomes on the metaphase plate, while additionally 
causing local dissipation of Cohesin mediated cohesion manifesting as a 
phenotype referred to as centromere breathing (Hughes-Schrader, 1950). This 
centromere breathing is a conserved feature seen in many organisms from yeast 
to human cells (Nabeshima et al., 1998; Shelby et al., 1996). Importantly 
cohesion maintaining sister chromatids together is generated in two forms, 
proteinaceous cohesion enforced by Cohesin, and DNA-mediated cohesion 
enforced by catenations between the sister chromatids. These both require 
resolution prior to successful segregation of sister chromatids.  
     
1.5.5.1 Cohesin mediated cohesion dissolution  
 
In S. cerevisiae Cohesin is predominantly removed from chromosomes as 
the cells pass from metaphase to anaphase. The binding of Cdc20 to the 
Anaphase Promoting Complex (APC) triggers this process. The APC belongs 
to a class of proteins called E3 ubiquitin ligases, and it is the role of these 
ubiquitin ligases to poly-ubiquitinate proteins destined for degradation. As the 
cell enters mitosis, core subunits of the APC are phosphorylated by M-CDKs, 
which in turn promote the association of the APC with Cdc20, its activator 
protein. It is this activated APCCdc20 complex which is responsible for 
triggering the degradation of Pds1 (securin). Pds1 is usually present in the cell 
associated with Esp1 (separase), which due to this association is maintained in 
an inactive state. The degradation of Pds1 releases active Esp1, which in turn is 
directly responsible for the removal of Cohesin mediated cohesion from 
chromosomes.  
 
In S. cerevisiae Esp1 cleaves the Scc1 subunit of cohesin at two particular 
residues, R180 and R268. A mutant of Scc1 has been created which has had 
these sites mutated (Scc1-RRDD) (Uhlmann et al., 1999), and as a result the 
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Scc1 is resistant to cleavage by Esp1. It was demonstrated that this mutant Scc1 
is still able to associate with chromosomes as normal, and is capable of 
establishing cohesion, however as it cannot be cleaved by Esp1, these cells 
experience a transient delay in cytokinesis, and subsequently when the cells do 
divide the resultant daughter cells have an abnormal DNA complement. The 
phenotype seen is similar to that produced by the temperature sensitive mutant 
esp1-1 at the restrictive temperature. This Scc1-RRDD mutant has been used 
during this project.  
 
The Esp1-dependent cleavage of Scc1 is enhanced by phosphorylation of 
Scc1 by Cdc5 (Polo kinase) (Alexandru et al., 2001), as this phosphorylation 
increases the affinity of Scc1 for Esp1. Additionally this mechanism ensures 
the cell is able to control the dissolution of cohesin in the absence of correct 
regulation of Esp1, explaining why pds1$ mutants are viable (Alexandru et al., 
1999; Yamamoto, 1996). This is further supported by the finding the Securin is 
not required in mammalian cells for chromosomal stability (Mei et al., 2001; 
Pfleghaar et al., 2005). Additionally this phosphorylation directs Esp1 towards 
chromatin bound Scc1 as oppose to soluble Scc1, a process that is essential to 
ensure faithful segregation of sister chromatids can occur (Hornig and 
Uhlmann, 2004). Furthermore it has been demonstrated that cohesin cleavage 
has a DNA dependent aspect, which would also serve to ensure that chromatin 
bound Scc1 is cleaved in preference to soluble Scc1. This is supported by the 
finding that cleavage of chromosome-associated Cohesin is sensitive to 
nuclease treatment, and this has lead to the suggestion that it is the role of the 
DNA to bridge the interaction between DNA-associated Esp1 and DNA-
associated cohesin (Sun et al., 2009). 
 
In addition to the initial cleavage event, it has been shown that there is a 
requirement for degradation of the resulting C-terminal fragment of Scc1. 
Failure to degrade this fragment following cleavage resulted in chromosome 
loss, suggesting that for complete removal of Cohesin mediated cohesion and 
subsequent successful segregation of sister chromatids, the cleavage event is 
only the first stage of a multi-step process resulting in production of un-linked 
sister chromatids capable of faithful chromosome segregation (Rao et al., 2001). 
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The system for Cohesin removal in vertebrates is slightly more complex, as 
they possess an additional method for removal of Cohesin from chromosomes. 
In contrast to S. cerevisiae, vertebrates have the ability to remove Cohesin from 
chromosomes in the absence of Esp1, by employing another pathway, the 
prophase pathway. Unlike S. cerevisiae, which removes all of the Cohesin from 
chromosomes at the metaphase to anaphase transition, vertebrates remove the 
majority of their chromatin bound Cohesin much earlier using the prophase 
pathway. As little as 10% of the original chromatin bound Cohesin remains on 
the chromosomes at the point of the metaphase to anaphase transition, and the 
majority of the Cohesin that does remain bound is located at the centromeres.  
The key players in this pathway are Cdc5 (polo kinase) and Wap1 (the 
mammalian homologue of Wpl1). In this pathway Cdc5 is responsible for the 
phosphorylation of SA2 (the mammalian homologue of Scc3) (Hauf et al., 
2005). Following this phosphorylation step, Wap1 is seen to play a major role. 
During the initial establishment of Cohesin, Wap1 works in concert with Pds5 
to provide an ‘anti-establishment’ activity preventing Cohesin from becoming 
cohesive. This effect is nullified by the acetylation of the Smc3 subunit by 
Eco1. It is perhaps by a similar mechanism that the Wap1 protein is able to 
achieve this prophase removal of cohesin. Other proteins known to be involved 
in this pathway include Aurora B and the Condensin complex.     
   
 
 
 
1.5.5.2 Catenane mediated cohesion dissolution   
 
As previously described in section 1.5.4 catenated nodes between sister 
chromatids are generated as a direct result of the unwinding and separation of 
the two sugar phosphate backbones of the duplex, which is required to occur 
during processes such as DNA replication and transcription. These catenations 
may be considered a by-product of essential cellular processes, however they 
do serve a useful function, that being to add to the cohesive effect of the 
INTRODUCTION 
 66 
Cohesin complex, maintaining the two sister chromatids together until the 
metaphase to anaphase transition where cohesion (mediated by both Cohesin 
and catenated nodes) between the two chromatids is dissolved and the sisters 
are segregated.  
 
The issue of removal of catenanes at the point of sister chromatid 
separation was identified early on as a potential problem of the Watson and 
Crick model for DNA. At the time it was unknown how the melting of duplex 
DNA arranged in a plectonemic conformation could be achieved without 
resulting in a tangled mess, rendering the sister chromatids impossible to 
segregate. This issue was in fact used to argue against the plectonemic structure 
of DNA in favour of a paranemic structure (i.e. one where the 2 sugar 
phosphate backbones run side-by-side, rather than in an intertwined double 
helix conformation). It was argued that for semi-conservative replication to 
occur, the linking number between the parental strands would have to be 
reduced to zero. Any enzyme capable of this process would only act in a local 
manner, and would consequently be unable to discern the topological state of 
the DNA molecules, which is considered to be a global property (Pohl and 
Roberts, 1978). Due to this, it would surely be impossible to resolve the sisters 
completely.  
 
As a result of many years of research, we now know that the two sugar-
phosphate backbones comprising the DNA molecule are found in a 
plectonemic conformation, and that while this does complicate the process of 
strand separation (as previously predicted), there are a family of enzymes who 
are dedicated to the simplification of the topological state of the DNA, and who 
consequently permit faithful sister chromatid segregation. These enzymes are 
called topoisomerases.  
 
Firstly one should note that while semi-conservative replication of 
plectonemic duplex DNA leads to the formation of catenated nodes between 
newly formed sisters, the levels of these are kept relatively low by the action of 
topoisomerases. As long as there is sufficient space for the enzyme to act on the 
DNA, positive supercoils generated ahead of the fork are removed by the action 
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of both type I and type II topoisomerases. Only when these enzymes are unable 
to access the DNA ahead of the fork, for example when two forks are 
converging and the available space is insufficient, does the positive torsional 
stress ahead of the fork become transferred to regions behind the fork in the 
form of precatenanes (which become catenanes upon completion of replication).  
 
Upon completion of replication, these catenanes aid the cohesion inferred 
by the Cohesin complex until the onset of anaphase, when like Cohesin, they 
must be removed from the sister chromatids to ensure faithful and competent 
segregation. This is now a role that can be accomplished only by type II 
topoisomerases. At this point, the linking number of the two strands must reach 
0, otherwise the sisters will be unable to segregate.  
 
Chromosomes are divided into topologically distinct domains, and it is 
suggested that type II topoisomerase need not discern the global topology of 
the entire molecule, as it is only concerned with the length of one domain of the 
chromosome. It has been suggested from studies in E.coli that the length of 
these domains is in the order of 20kb, significantly smaller than the full length 
of the chromosome (Hardy et al., 2004).  In addition to this partitioning of 
chromosomes, type II topoisomerases have been shown to have the ability to 
push the system well beyond the levels of catenanes expected if the enzyme 
were acting in a thermodynamic equilibrium (Rybenkov et al., 1997), and this 
has been dubbed the ‘Rybenkov effect’. In this sense they can be seen to act in 
a fashion analogous to a Maxwellian demon (Pulleyblank, 1997; Walker, 1976). 
Obviously it is this activity that demonstrates the requirement of type II 
topoisomerases for ATP, as essentially they are working against a topological 
gradient to ensure the system is moved well beyond equilibrium. The third and 
final factor involved in aiding the removal of all catenations between sister 
chromatids by type II topoisomerases (as division of chromosomes into 
topologically distinct domains and the Rybenkov effect are not sufficient to 
ensure all catenations are removed and that the Lk is 0), is the ability of 
additional cellular proteins to alter the chromatin structure through 
condensation and additional topological alterations, both of which aid the type 
II topoisomerases in removing all links between sister chromatids (Baxter et al., 
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2011). Condensation of chromosomes is a key force used by the cell to direct 
decatenation of sister chromatids. The process of condensation is found to 
depend highly on the Condensin (explained in 1.4.2), a complex that has been 
demonstrated to have the ability to alter the supercoiling state of DNA. Many 
studies have demonstrated in vitro that Condensin has the ability to induce a 
shift in the supercoiling state of DNA from negative to positive (Bazett-Jones 
et al., 2002; Kimura and Hirano, 1997). Further to this it has been demonstrated 
that a shift from negative to positive supercoiling is seen in the organism S. 
cerevisiae at the metaphase to anaphase transition, and this shift forces 
catenated nodes to appear a much more favorable substrate to Topoisomerase II 
than do DNA crosses signifying other topologically suitable substrates (Baxter 
et al., 2011). As a result these many factors cooperate to ensure that at the onset 
of anaphase the catenations that exist between sister chromatids are completely 
resolved, such that the Lk reaches 0 (a position well beyond the thermodynamic 
equilibrium of the system) and the sister chromatids can be faithfully 
segregated to the poles of the dividing cell. 
 
 
 
 
1.5.5.3 Segregation of un-cohesed sister chromatids 
 
Once the sources of sister-chromatid cohesion have been resolved the 
tension being applied to the chromatids at the kinetochores by the mitotic 
spindle is no longer opposed. As a result of this, the sister chromatids segregate 
to the opposite poles of the dividing cell due to the de-polymerisation of the 
end of the microtubule associated with the kinetochore. Once segregated the 
cell is free to construct the cytokinetic furrow and subsequently divide into two 
daughter cells, both with the correct genomic complement.    
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1.6 Mitotic Chromosomes and Condensation 
 
The genomic complement of a cell is arranged into chromosomes, which 
are packaged within the nucleus of the cell. Each chromosome, if its naked 
structure were stretched out into a straight line of nucleotides, would be many 
orders of magnitude longer than the cell, and consequently each chromosome 
requires the formation of higher order structures to successfully package the 
entire molecule within the nucleus, while additionally separating the very long 
genomic complement, into functional domains, suitable for physiological 
processes such as replication and transcription. On the lowest level is the 
compaction enforced on the genome by the nucleosomes. Initially the naked 
string of nucleotides is wrapped in a left-handed fashion around a histone 
octamer, resulting in the chromosome adopting a conformation referred to as 
‘beads on a string’.  Approximately 147bp of the genome is wrapped around 
each histone octamer (Richmond and Davey, 2003). It has been proposed that 
this ‘beads on a string’ nucleosomal array is then further coiled around itself to 
form a higher structure referred to as the 30nm fibre (looping of the ‘beads on a 
string’ nucleosomal array conformation into the 30nm fibre is permitted by the 
presence of histone H1 in the chromatin, which initially yields the loop 
(Heermann, 2012)). Importantly this proposed 30nm fibre conformation is the 
source of some controversy as a number of studies have failed to find evidence 
supporting its existence (Fussner et al., 2011; Fussner et al., 2012; Staynov and 
Proykova, 2008). When the cell reaches mitosis, the chromosomes must 
become further compacted by a process known as chromosome condensation, 
ensuring that the cell is able to resolve them into distinct structures allowing 
them to be segregated correctly at the onset of anaphase. Mitotic chromosomes 
are organized in such a way to resemble a chromatin mesh, with non-DNA 
crosslinking elements stabilizing the structure (Marko, 2008).  
 
Previous studies have shown that the formation of mitotic chromosomes is 
a dynamic process, requiring the contribution of a number of different proteins 
and complexes, including Cohesin and Condensin (Hirano and Mitchison, 
1994), topoisomerase II (Earnshaw et al., 1985; Lewis and Laemmli, 1982), 
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and a number of signaling molecules. The requirement of the condensation 
process for these factors gives us insights into both the roles of these proteins 
within the cell, and the conformation adopted by a condensed mitotic 
chromosome.  As suggested by its name, the Condensin complex is considered 
to be one of the major players in the formation of condensed mitotic 
chromosomes. Condensin II (homologous to Condensin in species containing 
only one isoform of the complex) has been shown to bind in a stable manner to 
chromatin (Gerlich et al., 2006), and depletion of the complex (or its essential 
subunits) results in aberrant anaphases in many organisms (Hagstrom et al., 
2002; Steffensen et al., 2001). While some of these proteins were demonstrated 
to contribute a structural aspect to the condensed chromosomes, evidence 
suggests that Topoisomerase II does not function in this capacity.  Blocking the 
enzymatic activity of Topoisomerase II, but not affecting its ability to bind 
DNA affects chromosome condensation (Rattner et al., 1996). Studies have 
shown that the structure of condensed chromosomes is largely affected by 
DNA interconnections (Poirier et al., 2000), suggesting a possible role for 
topoisomerase II, while additionally it has been demonstrated that 
topoisomerase II is required for flexibility of the mitotic chromosome 
(Kawamura et al., 2010), perhaps allowing the structure to better withstand 
tension exerted by the spindle without experiencing DNA fractures. Most 
studies have focused on these non-histone factors as being the driving force for 
chromosomes condensation, however there is building evidence that the 
histones themselves play more of a role than merely comprising the underlying 
nucleosome array of chromatin. Post-translational modifications of histones is 
well documented, however most have been attributed as having roles in 
transcriptional regulation or nucleosome assembly dynamics (Moser and 
Swedlow, 2011). Mitotic chromatin however does display characteristic 
modifications such as Aurora B dependent phosphorylation of H3 that has been 
shown to affect the binding of proteins able to alter chromatin structure (Hirota 
et al., 2005). Furthermore Aurora B has been shown to regulate the association 
between Condensin and H2A and H2A.Z (Tada et al., 2011). Additionally 
modification of histone tails will alter the distribution of chromatin factors and 
subsequently chromatin charge, which can have an affect on the condensation 
ability of the chromosome.   
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From early studies of mitotic chromosome structure, it has been shown that 
in vivo chromosomes represent dynamic structures, where these required 
proteins and complexes are not fixed, but in constant exchange with the 
cytoplasmic pool (Earnshaw and Laemmli, 1983). Even the histones, originally 
envisaged as being possibly the only component of the chromosome scaffold 
that was fixed, are most likely dynamic in their association, with changes in 
their acetylation, phosphorylation and methylation levels altering their 
conformation or affinity to the DNA/nucleosome structure (Moser and 
Swedlow, 2011).  
 
During chromosome condensation, the chromosomes that previously could 
not be visualized as distinct entities gain this characteristic in many model 
organisms and mammalian cells. In this respect S. cerevisiae differs from other 
models, as chromosomes cannot be visualized even in late mitosis, however the 
process of chromosome condensation is still evident (Guacci et al., 1997). This 
condensation of chromosomes is a continual process, initiated in G2 and seen 
to persist until after anaphase, by which point the chromosomes have 
condensed to a sufficient degree such that they can be segregated to the poles 
of the dividing cell cleanly. Were this not the case, sections of insufficiently 
condensed chromosomes may not clear the cytokinetic furrow at the 
appropriate moment, resulting in the generation of a ‘cut’ phenotype (Hirano et 
al., 1986). 
 
Detailed examination of condensed chromosomes has revealed that the 
process of condensation involves the formation of looped and folded structures, 
which themselves are further folded to form higher-order structures. 
Additionally this study demonstrated that the condensation of chromosomes is 
an irregular process with no level of control over the locations of particular 
sequences within specific folded loop structures (Strukov and Belmont, 2009). 
This folding of lower level chromatin structures to form highly condensed 
chromosomes is not a process with a distinct end result. The chromosome is 
continually folded and looped to ever increasing degrees until the cell 
segregates its genomic complement, as demonstrated by the fact that when the 
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cell is stalled by the use of spindle poisons, the chromosome arms continually 
shorten and thicken resulting in the formation of highly condensed X-shape 
chromosomes often displayed in karyotype preparations (Rieder and Palazzo, 
1992).  
 
Due to the drastic alteration in chromosome structure, resulting in 
alterations to the cells ability to carry out essential functions such as 
transcription and replication, the initiation of chromosome condensation must 
be highly regulated, such that it will only occur at the correct time. Studies 
have identified cyclin-dependent kinase I (CDKI) phosphorylation as the 
overriding control mechanism for this process (Parry and O'Farrell, 2001). 
While there is evidence to support the theory that CDKI regulates chromosome 
condensation by direct regulation of Condensin activity (Kimura et al., 1998), 
other studies have provided evidence suggesting that this might not be the case, 
and that CDKI may act via another as yet unidentified protein or complex, 
dubbed the ‘regulator of chromosome architecture’ (RCA) (Vagnarelli et al., 
2006). A number of screens have aimed to identify this RCA, but have so far 
been unsuccessful (Kittler et al., 2007; Neumann et al., 2010). It has been 
postulated that this mysterious RCA may also be a combination of post-
translational histone modifications rather than a single protein factor, however 
this is yet to be demonstrated (Moser and Swedlow, 2011).   
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1.7 Project Introduction 
 
Work to elucidate the exact nature of the function of S. cerevisiae 
Topoisomerase II has yielded a current model whereby the enzyme is attributed 
the role of relaxing naked DNA supercoils and resolving catenations. In both 
cases these studies have demonstrated that the Topoisomerase II substrate is 
formed from two sections of duplex DNA that become juxtaposed, whether the 
cause be a supercoil or a catenated node. This poses a question: if the substrate 
for Topoisomerase II is two juxtaposed DNA duplices, how can the enzyme 
distinguish between a DNA juxtaposition representing a DNA catenation, and 
one representing two uncatenated DNA molecules that happen to come into 
close proximity? Previous studies have tried to demonstrate methods for 
encoding the topological state of the molecule in local crosses using 
mathematical modeling of chirality, while other studies have shown that the 
distribution of catenated vs uncatenated plasmids does not oscillate around a 
position predicted by a thermodynamic equilibrium, a factor that can easily be 
explained when taking into account the ATPase activity possessed by the 
enzyme. However both of these findings do not fully explain how 
Topoisomerase II is capable of discerning the global topological state of the 
molecule from local juxtapositions, particularly in an in vivo system. In vitro 
work has demonstrated that Topoisomerase II can both concatenate and 
decatenate plasmid substrates but this has not been demonstrated in vivo. One 
of the primary aims of this study to ascertain whether in vivo, Topoisomerase II 
retains the ability to concatenate plasmid monomers, and whether the position 
of the monomer to dimer equilibrium is merely a factor of the proximity 
attained by two plasmid monomers. If this is the case it attributes increased 
credence to the recent finding that a topological shift in the genome is required 
at the metaphase to anaphase transition to achieve an Lk value of 0 (Baxter et 
al., 2011), while additionally demonstrating that Topoisomerase II has no 
intrinsic ability to ‘sense’ a molecules topology from a locally juxtaposed DNA 
substrate.  
 
INTRODUCTION 
 74 
The second part of this project is to further reveal to molecule players and 
pathways involved in regulating this topological transition characterised by a 
shift from (-) to (+) supercoiling. At the commencement of this line of work, 
only Smc2 and a functional spindle had been identified as prerequisites for the 
topological transition.   
 
A third section of this project involves attempting to conclusively ascertain 
the method by which Cohesin promotes sister chromatid cohesion, as the 
differing modes for this action would have massively differing implications for 
the probability of creating suitable DNA substrate for Topoisomerase II if 
indeed it transpires that the probability of catenation/decatenation acts as a 
function of the proximity of DNA duplices. Electron microscopy would be 
primarily used to answer this question.  
 
One last line of work has involved equating higher order structures seen in 
the genome (specifically the accumulation of X-shape DNA structures in 
response to the inactivation of a number of temperature sensitive proteins) to 
the plasmid system, as this permits the further investigation of such structures 
using topological protocols. These protocols will allow us to further elucidate 
the nature of these higher order structures in the genome, and to ascertain what 
role they may play.  
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2 MATERIALS AND METHODS 
 
2.1 Yeast Strains 
 
9D' E+&)/F;+' ,)-*3+'
@GA',-;+*3)%$%&H'/*"&0%/%)&''
'
**FL%%D!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3;  
3+M@N8!N@!
+5!/O%%!
**FL%/I!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
pRS316 (URA3); 
3+M@N8!N@!
+5!/O%%!
**FL%%E!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; pRS316 (URA3); 
3+M@N8!N@!
+5!/O%%!
**FL%/D!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; Smc2-8 (TRP1); pRS316 (URA3); 
3+M@N8!N@!
+5!/O%%!
**FL2)O!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
scc1-73 (TRP1); pRS316 (URA3); 
P(9'!'@?.Q!
**FLDOA!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
brn1-60 (TRP1); pRS316 (URA3); 
P(9'!'@?.Q!
**FL)E2!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
GALS-BRN1-YCG1-YCS4-TtoD (ADE2); pRS316 (URA3); 
P(9'!'@?.Q!
**FL2O2!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
GALS-SMC4 (S-T60-109-113-117-128A) (TRP1); pRS316 (URA3); 
P(9'!'@?.Q!
**FL2OD!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
GALS-SMC4 (S-T60-109-113-117-128D) (TRP1); pRS316 (URA3); 
P(9'!'@?.Q!
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**FLI2D!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
GALS-SMC4-sig (TRP1); pRS316 (URA3); 
P(9'!'@?.Q!
**FLA/)!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
cdc5-1 (ADE2); pRS316 (URA3); 
P(9'!'@?.Q!
**FLD/)!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
GAL-CDC5 (TRP1); pRS316 (URA3); 
P(9'!'@?.Q!
**FLI2I!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
ipl1-231 (URA3); pRS414 (TRP1); 
P(9'!'@?.Q!
9#;"%*+4',+H*+H"/%)&' !
**FE/EL!
MATalpha; ade2-1; can1-100; GAL psi+; scc1:HIS3 
SCC1TEV268::LEU2; GAL-NLS-myc9-TEVprotease-NLS2::TRP1 (10-
fold integrant by southern)  ura3::3xURA3 tetO112 his3::HIS3 tetR-
GFP MET-HA3-Cdc20::TRP1 
JRS+'#Q@(!
5+T!
**FE/LO!
MATa; ade2-1; can1-100; GAL psi+; GAL-NLS-mcy9-TEVprotease-
NLS2::TRP1 (10-fold integrant by southern);  ura3::3xURA3; tetO112 
his3::HIS3; tetR-GFP; MET-HA3-Cdc20::TRP1 
JRS+'#Q@(!
5+T!
**FLO2D!
MATa; ade2-1; can1-100; GAL psi+; GAL-NLS-mcy9-TEVprotease-
NLS2::TRP1 (10-fold integrant by southern);  ura3::3xURA3; tetO112 
his3::HIS3; tetR-GFP; MET-HA3-Cdc20::TRP1; top2::TOP2(P820Q)   
top2-4 
P(9'!'@?.Q!
**FELAO! MATa; ade2::ADE2 tetR-GFP; leu2; ura3; trp1; his3 his::HIS TetO ChrIV:448 P(9'!'@?.Q!
**FELA)! MATa; ade2::ADE2 tetR-GFP; leu2; ura3; trp1; his3 his::HIS TetO ChrIV:1513 P(9'!'@?.Q!
**FL2/I! MATa; ade2::ADE2 tetR-GFP; leu2; ura3; trp1; his3 his::HIS TetO ChrIV:448; scc1-73 (TRP1) P(9'!'@?.Q!
**FL2/L! MATa; ade2::ADE2 tetR-GFP; leu2; ura3; trp1; his3 his::HIS TetO ChrIV:1513; scc1-73 (TRP1) P(9'!'@?.Q!
()&4+&0%&'I)3"$%0"/%)&' !
**FLAOO!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-top2; KanMX-tTA-tetO2-Ub-DHFRts-myc-cdc20; 
pRS316 (URA3); SMC2-6HA natNT2 
P(9'!'@?.Q!
?);7'()&3"/+&"/%)&' !
**FAOOO! Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4::HIs3; pLacO (LEU2) P(9'!'@?.Q!
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**FLD/E! Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4:HIS3; GalS-LacI(WT)-GFP::ADE2; pLacO (LacO+G418construct in pRS415)  P(9'!'@?.Q!
**FLD)/! Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1 pep4:HIS3; GalS-LacI(MUT)-GFP::ADE2; pLacO (LacO+G418construct in pRS415)  P(9'!'@?.Q!
**F%O//)!
Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4:HIS3; GalS-
LacI(WT)-GFP::ADE2; scc1-73 (TRP1); pLacO (LacO+G418construct in 
pRS415)  
P(9'!'@?.Q!
**F%OEDI!
Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4:HIS3; GalS-
LacI(WT)-GFP::ADE2; pLacO (LacO+G418construct in pRS415); pLacO 
(LacO+G418construct in pRS414)  
P(9'!'@?.Q!
**F%OEDL!
Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4:HIS3; GalS-
LacI(MUT)-GFP::ADE2; pLacO (LacO+G418construct in pRS415); 
pLacO (LacO+G418construct in pRS414)  
P(9'!'@?.Q!
**F%ODA%! Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4:HIS3; GalS-GFP-LacI(WT)-NLS::ADE2; pLacO::pRS424; pLacO+3kb::pRS426 P(9'!'@?.Q!
**F%ODAA! Mata; leu2; ura3; his3; trp1; ade2; lys2; bar1; pep4:HIS3; GalS-GFP-LacI(MUT)-NLS::ADE2; pLacO::pRS424; pLacO+3kb::pRS426 P(9'!'@?.Q!
**F%OD2A!
MATalpha; ade1-100; leu2,3-112; lys5; ura3-52; trp::hisG; hoD 
hml::ADE1 hmr::ADE1; ade3::GAL-HO; DDC2-GFP KanMX4; pGAL:SCC1-
3HA; pRS416 (URA3) 
P(9'!'@?.Q!
**F%OD2I!
MATalpha; ade1-100; leu2,3-112; lys5; ura3-52; trp::hisG; hoD 
hml::ADE1 hmr::ADE1; ade3::GAL-HO; DDC2-GFP KanMX4; pGAL-
SCC1nc; pRS416 (URA3) 
P(9'!'@?.Q!
**F%OD/I!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-smc1; KanMX-tTA-tetO2-Ub-DHFRts-myc-smc3; 
GAL-SMC1-18myc-GAL-SMC3-5FLAG (ADE2); pLacO (TRP1); 
P(9'!'@?.Q!
**F%OD/L!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-
100; UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); 
leu2-3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-
Ub-DHFRts-myc-smc1; KanMX-tTA-tetO2-Ub-DHFRts-myc-smc3; 
GAL-SMC1(2xCC)-18myc-GAL-SMC3(2xCC)-5FLAG (ADE2); pLacO 
(TRP1); 
P(9'!'@?.Q!
()1+0%&'6%0-"$%0"/%)&' !
**F%OI%D! As340; Smc3-1; Gal-Smc1-18myc-Gal-Smc3-5FLAG::ADE2; his3; leu2; lys; ura3;  P(9'!'@?.Q!
**F%OI/O! As340; Smc3-1; Gal-Smc1(2xCC)-18myc-Gal-Smc3(2xCC)-5FLAG::ADE2; his3; leu2; lys; ura3;  P(9'!'@?.Q!
**F%OI%%! As273; Smc1-2; Gal-Smc1-18myc-Gal-Smc3-5FLAG::ADE2; his3; leu2; lys; ura3;  P(9'!'@?.Q!
**F%OI%A! As273; Smc1-2; Gal-Smc1(2xCC)-18myc-Gal-Smc3(2xCC)-5FLAG::ADE2; his3; leu2; lys; ura3;  P(9'!'@?.Q!
**F%OEAL!
W303-1a; Mat a; ade2-1; his3-11; leu2-3; trp1-1; ura3-1; can1-100; 
UBR1::GAL-10-Ubiquitin-M-LacI fragment-myc-UBR1 (His3); leu2-
3::pCM244 (CMVp-tetR'-SSN6 LEU2) x3; kanMX-tTA-tetO2-Ub-
DHFRts-myc-smc1; KanMX-tTA-tetO2-Ub-DHFRts-myc-smc3; pLacO 
(TRP1)  
P(9'!'@?.Q!
5$"0#%4'!)4+$'()&<%*#"/%)&' !
S"/! BY4741; MAT a; his3!1; leu2!0; met15!0; ura3!0; YIL015w::kanMX4 P(9'!'@?.Q!
S"I! BY4741; MAT a; his3!1; leu2!0; met15!0; ura3!0; YIL015w::kanMX4; Nse2!c::NAT; pRS416 P(9'!'@?.Q!
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S"L! BY4741; MAT a; his3!1; leu2!0; met15!0; ura3!0; YIL015w::kanMX4; Nse2!c::NAT; pRS426 P(9'!'@?.Q!
S"%2! BY4741; MAT a; his3!1; leu2!0; met15!0; ura3!0; YIL015w::kanMX4; pRS416 P(9'!'@?.Q!
S"%E! BY4741; MAT a; his3!1; leu2!0; met15!0; ura3!0; YIL015w::kanMX4; Sgs1!::hph; pRS416 P(9'!'@?.Q!
 
  Table 3 - S. cerevisiae strains used 
 
2.2 Plasmids Used 
 
J"#+' B"3K.)&+' ,)-*3+'
! ! !
F0K":"<*A!":PIO:%OL:%%):%%D:%/E0! ,-"AOA!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K":"<*A!":PIO:%OL:%%):%%D:%/EB! ,-"AOA!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K":"<*A:"9G! ,-"AOA!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K":FU&:K0*=V4PW:SK"! ,-"AO/!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K":FU&:K0*=V<XPW:SK"! ,-"AO/!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K":3-S%:C*F%:C*"A:P@7B! ,-"AO/!
FN1N*?'@!;?87,N!
K+T78+@789N'!
,F0K:"**%!--BB!#?@+1@! ,-"A%2!
FN1N*?'@!;?87,N!
K+T78+@789N'!
,F0K:)H0:"**%:L#Q$!! ,-"A%2!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K:*B*2:)H0! ,-"A%A!
FN1N*?'@!;?87,N!
K+T78+@789N'!
P-&%:3-S%:IO:L#Q$! ,X*2D!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K:"<*%:%E#Q$:F0K:"<*):2UK0F! ,-"AO/!
FN1N*?'@!;?87,N!
K+T78+@789N'!
F0K:"<*%V/M**W:%E#Q$:F0K:"<*)V/M**W:
2UK0F! ,-"AO/!
FN1N*?'@!;?87,N!
K+T78+@789N'!
J+1<>A:)H0!591YN8!.NG871! ,X*2D!
FN1N*?'@!;?87,N!
K+T78+@789N'!
K+$Z6FA%E! ,-"A//! P(9'!"?@.Q!
K+$Z6FA%E! ,-"A/A! P(9'!"@?.Q!
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K+$Z6FA%E! ,-"A/I! P(9'!"@?.Q!
K+$Z6FA%E![!)YT!#"#$2!91'N8@! ,-"A//! P(9'!"@?.Q!
K+$Z6FA%E![!)YT!#"#$2!91'N8@! ,-"A/I! P(9'!"@?.Q!
 
Table 4 - Plasmids used 
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2.3 General S. cerevisiae Methods 
 
2.3.1 Media 
 
Yeast extract peptone (YP: 1% yeast extract 2% peptone) and synthetic 
drop out media lacking various amino acids were prepared according to the 
standard protocol. Various carbon sources were added to this media as required 
(e.g. glucose, Galactose, Raffinose etc.) to a final concentration of 2%. Solid 
media was prepared by the addition of 2% agar powder. Carbon sources were 
sterilized prior to addition by filtration. Media was autoclaved for 15 minutes at 
121oC. Liquid media containing methyl methanesulphonate (MMS) was used in 
some cases to a final concentration of 0.033%. 
 
2.3.2 Cell Growth Conditions 
 
Liquid cultures were inoculated from freshly streaked plates and incubated 
at 30oC (25oC for temperature sensitive mutants) in flasks with the volume of 
the flask approximately 5 times the volume of the culture. The flasks were 
shaken at 150 rpm in a SM1003 shaking incubator (Kuhner), with a 44cm 
rotation diameter. The culture density was determined photometerically, and 
cultures were usually grown overnight to a final concentration 0.7<OD595<0.4 
(OD595 of 1 is approximately equal to 1.5x107). In instances where it was 
important to arrest cell processes at the point of sample extraction, sodium 
azide was added to the sample to a final concentration of 0.1%. Yeast on agar 
plates was stored at 4oC for up to 1-2 months. For long-term storage yeast 
strains were stored at -80oC in 16% (v/v) glycerol. 
Yeast were also grown on media containing 100ug/ml nourseothricin, 
300ug/ml hygromycin B or 200ug/ml geneticin G418 to select for strains 
carrying NATMX4, HPHMX4 or KANMX4 markers respectively. 
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2.3.3 Cell Cycle Syncronisations 
 
Cells were arrested in G1 phase by addition of alpha factor to 
exponentially growing culture (alpha factor final concentration for BAR1+ 
strains was 1.5ug/ml, while for bar1Δ the final concentration was 0.1ug/ml). 
For alpha factor arrests of BAR1+ strains, a second dose of alpha factor was 
added 90 minutes after initial addition to a final concentration of 0.75ug/ml. 
Cells were maintained in the presence of alpha factor until >90% obtained 
morphological characteristics representing G1 arrest. To inactivate temperature 
sensitive alleles in G1, cultures were shifted to 37oC for up to 1 hour prior to 
release. Cells were released from alpha factor arrest by washing three times 
with media pre-warmed to the same temperature as the culture and 
resuspending in fresh pre-warmed media lacking alpha factor. Pronase E was 
used to aid release of cells from alpha factor arrest at a final concentration of 
100ug/ml (Pronase was made up to a stock solution of 50mg/ml resuspended in 
YP before use). Cells were arrested in metaphase by the addition of 
Nocodazole (Sigma) to exponentially growing culture / cultures released from 
alpha factor arrest. Nocodazole stock used was 1.5ml/ml Nocodazole 
resuspended in DMSO (dimethyl sulphoxide - Sigma), and was used at a final 
concentration of 15ug/ml. For longer arrests 50% more Nocodazole was added 
1.5 hours into the arrest. Cells were maintained in the presence of Nocodazole 
until >90% obtained morphological characteristics representing metaphase 
arrest. Cells were released from the arrest by washing three times with pre- 
warmed fresh media. 
 
 
2.3.4 Flow Cytometry (Propidium iodide staining) 
 
Cells were fixed in 70% ethanol and incubated at 4oC for at least 1 hour 
and then stored at 4oC for up to 2 weeks. Cells were pelleted (2 minutes at 
5000rpm), and the pellet was resuspended in saline-sodium citrate (SSC - 
Na3C6H5O7) containing either 0.1mg/ml RNase A (Qiagen) for incubation 
overnight or 0.8mg/ml RNase A for 2 hours at 37oC. Proteinase K (Qiagen) to a 
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final concentration of 0.1mg/ml was then added and the cells incubated for 1 
hour at 50oC. The cells were sonicated and Propidium Iodide in SSC was added 
to a final concentration of 1ug/mland the cells were incubated for 1 hour at 
room temperature in the dark, before being diluted 5-fold in SSC and analysed 
using FACScan cytometer (Becton Dickson) and CellQuest Pro (Becton 
Dickson) software. 
 
2.3.5 Competent Cells 
 
Based on (Knop et al., 1999). Cells from an exponentially growing culture 
(OD595 0.4-0.7) were harvested (4000rpm, 2 minutes), washed in sterile water 
followed by SORB solution (100mM LiOAc, 10mM Tris-HCL pH8, 1mM 
EDTA pH8, 1M Sorbitol; sterilized by filtration). The cell pellet was 
resuspended in 360ul SORB per 50ml culture. Denatured salmon sperm DNA 
was added to a final concentration of 1mg/ml. Competent cells were stored in 
50ul aliquots at -80oC until use. 
 
2.3.6 S. cerevisiae Transformation 
 
Based on (Knop et al., 1999). 0.2ug of circular or 1ug of linearised plasmid 
or PCR product was added to 50ul competent cells. 6 volumes of PEG (100mM 
LiOAc, 10mM Tris-HCL pH8, 1mM EDTA pH8, 40% (w/v) PEG-3350; 
sterilized by filtration, stored at 4oC) were added and the cell suspension was 
incubated for at least 30 minutes at room temperature. Immediately prior to 
heat shock DMSO was added to a final concentration of 10%, and the cells 
incubated at 42oC for 15 minutes. Cells were pelleted (2000rpm, 3 minutes) and 
either resuspended in sterile water and plated in drop-out plates, or resuspended 
in YPD (YP dextrose) and grown for approximately 4 hours before being 
plated on antibiotic containing plates. 
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2.3.7 Identification of Positive Transformants  
 
2.3.7.1 Colony PCR 
 
Small volume of cells from a yeast colony was resuspended in 25ul Go Taq 
Flexi DNA polymerase (Promega) PCR reaction mix (primers at 0.3uM and 
dNTP mix at 300uM). PCR conditions: initially denaturation step of 95oC for 5 
minutes; amplification cycle of 94oC for 30 seconds, 55oC for 30 seconds, 72oC 
for 1min / kb; 40 cycles; final extension step of 72oC for 10 minutes. 
 
2.3.7.2 Epitope Tagging  
 
Transformants of epitope-tagged proteins were identified by RIPA protein 
extraction, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE) and western blot (see below). Gene knockout transformants were 
checked by PCR either from genomic DNA, or directly from cells from 
positive colonies (colony PCR – see below). Amplification of regions starting 
upstream from the transformation cassette in the genomic target to the middle 
of the selection marker and from downstream the transformation cassette to the 
middle of the selection marker indicated positive transformation. 
Transformations introducing temperature sensitive alleles were tested for 
growth at 25oC, but not at 37oC. Successful transformation of the nse2!-Ct 
cassette was confirmed by PCR and growth defects on plates YPD containing 
0.033% methyl methanesulphonate (MMS). Plasmid transformations were 
selected by growth on selective media. Gene deletions and tagging were also 
tested, where possible, by phenotype. 
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2.4 General Bacterial Methods 
 
2.4.1 Growth Conditions 
 
Bacterial strains were initially plated on LB agar plates at 37oC. Following 
this they were inoculated into LB media as 37oC (All except MAX Efficiency 
Stbl2 strain (Invitrogen) which is grown at 30oC) with shaking at 180rpm. 
Selection of successfully transformed bacterial was strains achieved by the 
addition of Ampicillin (50ug/ml) to the media. Strains were stored for up to 7 
days on agar plates at 37oC. For longer term storage strains were suspended in 
16% (v/v) glycerol solutions and stored at -80oC. 
 
2.4.2 Transformation 
 
Pre-made bacterial competent cells were routinely used for bacterial 
transformation according to the manufactures instructions. 50ul of competent 
cells were mixed with 10ng of plasmid, following which the cells were 
incubated on ice for 30 minutes. Following this the cells were placed at 42oC 
for 30 seconds before being incubated on ice for a further 2 minutes. 1ml of 
prewarmed S.O.C media was added to the cells, which were then incubated at 
37oC for 1 hour with shaking. Finally cells were pelleted and plated onto 
selection plates and grown at the required temperature.  
 
2.4.3 Isolation of Plasmid DNA from E.coli 
 
Bacterial transformants were cultured in either 5ml or 50ml LB with 
selection. Once grown the QIAprep Spin Miniprep kit (Qiagen) or the Plasmid 
Midi kit (Qiagen) was used to extract the plasmid from the respective culture, 
according to the manufacturers instructions.  
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2.5 Molecular Biology & Biochemical Methods 
 
2.5.1 PCR  
 
Most transformations were performed by integrating constructs generated 
by PCR into the genomic DNA. PCR cassettes were amplified using the 
Expand High Fidelity PCR system (Roche) with primers at 0.3uM and 
deoxyribonucleotide triphosphate mix (dNTPs) at 200uM. For products with 
high GC content (eg constructs containing the NAT selection marker) DMSO 
was added to the reaction at 5%. The annealing temperature used for most PCR 
amplification reactions was 55oC however this value varied depending on the 
situation. Extension times were estimated assuming an extension rate of 
approximately 1kb per minute. For epitope tagging cassettes the pYM set of 
plasmids was amplified using the primer system as described in (Janke et al., 
2004; Knop et al., 1999). For gene knockouts a similar strategy was used. The 
nse2Δ-Ct allele was obtained by introducing a DNA sequence corresponding to 
a stop codon after position 552 (amino acid 184) in the NSE2 ORF. 
Temperature sensitive alleles were amplified from the genomic DNA of the 
original mutants. 
 
2.5.2 RIPA Protein Extraction 
 
All of the following purification steps were performed on ice with pre- 
chilled solutions. Cell sample spun and supernatant discarded to yield the cell 
pellet. The pellet was then resuspended in RIPA buffer (25mM Tris-HCl pH8, 
150mM NaCl, 1% NP-40, 1% Sodium deoxycholate, 0.1% SDS). An equal 
volume of glass beads was added to the tubes, before breaking the cells using 2 
x 20 second cycles, power 5.5 in a FastPrepTM FP120 (BIO101) machine, 
separated by a minute with the tubes on ice. Tubes were pierced with a hot 
needle, and placed on top of fresh ependorfs and spun (2000rpm, 2 minutes) to 
collect the lysate minus the glass beads I the fresh ependorf. The proteins were 
separated from the rest of the lysate by a centrifugation step (14000rpm, 
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10minutes, 4oC), before retaining the supernatant (containing the proteins). 
Samples were stored at -20oC. Loading buffer was added to the protein solution 
to be run (60mM Tris pH6.8, 2%SDS, 10% glycerol, 0.2% bromophenol blue) 
and the sample was boiled for 5 minutes at 95oC. Following this sample was 
loaded onto a SDS-PAGE mini gel. 
 
2.5.3 TCA Protein Extraction 
 
All of the following purification steps were performed on ice with pre- 
chilled solutions. 10ml of cells from culture approx 0.6OD595 were harvested, 
washed with 20% w/v Trichloroacetic acid (TCA) and the pellets then 
transferred to a lock-cap ependorf. Pellets were resuspended in 250ul 20% 
TCA, to which 250ul glass beads were added. Mixture was chilled on ice for 5 
minutes. Cells were lysed using 3 x 20 seconds cycles, power 6.0m/s, at 4oC, in 
a FastPrepTM  FP120 (BIO101) machine, separated by a minute on ice between 
cycles. Tubes were pierced through the base using a hot 22G needle, and placed 
on top of new ependorfs, before being spun for 2 minutes at 2000 rpm at 4oC. 
300ul 5% TCA (w/v) was used to wash the glass beads before being spun into 
the collection tubes used previously. Following this the original tubes 
containing the glass beads were discarded. 700ul 5% TCA (w/v) was added to 
the ependorf tubes, before spinning at 14000rpm for 10 minutes at 4oC. The 
supernatant was discarded and the pellets washed with 750ul 100% Ethanol. 
Following aspiration of the EtOH the pellets were resuspended in 150ul of 1M 
Tris-HCl pH8, and 300ul 2xSDS Loading buffer (60mM Tris pH6.8, 2% SDS, 
10% Glycerol, 0.2% Bromophenol blue, 100mM DTT). Samples were boiled 
for 5 minutes (95oC) before spinning at 14000rpm for 5 minutes at room 
temperature. The supernatant was collected in a new ependorf tube and the 
debris discarded. 
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2.5.4 SDS-PAGE 
 
The Bio Rad Mini-PROTEAN 3 system was used for SDS-PAGE. 8% 
acrylamide gels (resolving casting solution: 26.7% ProtoGel Acrylamide 
solution (National Diagnostics), 26% ProtoGel resolving buffer, 0.1% 
ammonium persulphate, 0.1% N,N,N1,N1 tetramethylethylenediamine 
(TEMED; National Diagnostics); Stacking casting solution: 13% ProtoGel 
Acrylamide solution, 25% ProtoGel stacking buffer, 0.1% APS, 0.1% TEMED) 
were used with the Bio Rad system. Gels were generally run at 140V in Tris- 
glycine-SDS running buffer (National Diagnostics). 
 
2.5.5 Western Blot 
 
SDS-PAGE gels were transferred to Amersham Hybond –P (PVDF 
transfer membrane – GE Healthcare) in the Bio Rad Mini Trans-blot 
electrophoretic transfer cell. Transfer was carried out using Tris-glycine 
blotting buffer (National Diagnostics) containing 20% methanol (v/v) and was 
run for 1.25 hours at 280mA 
 
2.5.6 Immunological Detection 
 
Membranes were blocked in 5% skimmed milk powder in PBS with 0.1% 
Tween 20 (PBS-T) for 1 hour, then incubated with the relevant antibody (e.g. 
epitope tag antibodies below used at 1/5000 dilution in blocking solution) at 
4oC overnight. Following several washes in PBS-T, membranes were incubated 
with the required Horseradish Peroxidase linked secondary antibody at a 
1/10000 dilution in blocking solution. After several further washes in PBS-T 
membranes were incubated with ECL Plus Western Blotting Detection System 
(GE healthcare) to allow for detection of the secondary antibody using 
Amersham Ecl Hyperfilm (GE Healthcare). Commonly used antibodies 
include: 
- Anti-c-myc IgG1"antibody 9E10 (Roche)  
- Anti-HA IgG1 antibody 12CA5 (Roche) 
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2.5.7 DNA Extraction 
 
2.5.7.1 5Phase Lock Extraction 
 
Cell pellet resuspended in 400ul DNA extraction buffer (100mM NaCl, 
50mM Tris-HCL pH8, 10mM EDTA pH8, 1%SDS). 40 unit of Lyticase 
(Sigma L2524) and 4ul 2-mercaptoethanol were then added to the cell 
suspension, following which the suspension was gently agitated to mix well, 
before being incubated at 37oC for 5 minutes. Following incubation, 500ul 
Phenol/chloroform/iso-amylalcohol (25:24:1 – Sigma) added to the suspension, 
following which the tube was sealed and placed in a rotating wheel for 20 
minutes. The phenol emulsion was then transferred to Phase lock tubes 
(5Prime) and spun at 12000rcf for 5 minutes. The aqueous phase was then 
separated. To this aqueous phase was added 2 volumes 100% ethanol following 
which the tube was spun (14000rpm, 30 minutes, 4oC). The DNA pellet was 
washed several times with 70% ethanol at 4oC, before being air dried and 
resuspended in 1X TE (10mM Tris-HCl pH7.5, 1mM EDTA pH8) 
 
2.5.7.2 Zakian Lab DNA Extraction 
 
200OD600 of cells were treated with sodium azide at the final concentration 
of 0.1% w/v and immediately chilled in ice. Cells were pelleted then washed 
twice with ice-cold water, resuspended in Nuclear Isolation Buffer NIB (17% 
glycerol, 50 mM MOPS, 150 mM KH3C2O2, 2 mM MgCl2, 0.5 mM spermidine 
0.15 mM spermine, pH 7.2) and mechanically sheared by vortexing in the 
presence of an equal volume of glass beads; the pellet of nuclei was then 
incubated for 3 hours at 42°C in TEN buffer (50 mM Tris, 50 mM EDTA, 100 
mM NaCl, pH 8) supplemented with 1.5% w/v sarcosyl and 600 ##g/ml 
Proteinase K. The supernatant was then run on a CsCl gradient (see below) 
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2.5.7.3 Spheroplasting DNA Extraction 
 
Adapted from (Farcas et al., 2011). 150OD600 of cells were initially 
harvested from the culture, spun at 4000rpm and washed twice in ice cold 
water. Following this the pellet was resuspended in Resuspension buffer 
(100mM Tris HCl (pH9.4), 10mM DTT, Nocodazole (Sigma) 15ug/ml) and 
incubated on ice for 20mins. The suspension was pelleted and cells were 
washed twice in ice cold water before being resuspended in Spheroplasting 
buffer (1M Sorbitol, 50mM Tris HCl (pH7.5), 1mM CaCl2, 1mM MgCl2, 
15ug/ml Nocodazole (sigma), 400U Lyticase (Sigma)), and incubated for 30 
minutes on a rotating platform at 4oC. Following this incubation the 
Spheroplasts were sedimented at 6000 rpm in a fixed angle rotor (Eppendorf F-
34-6-38). The sedimented pellet was washed gently with 1M Sorbitol (Sigma) 
and transferred to a 2ml Eppendorf tube, before again sedimenting the 
Spheroplasts for 1 min at 1500 rcf at 4oC. The supernatant was removed, before 
resuspending the sedimented Spheroplasts in 200ul of 0.4M Sorbitol (Sigma). 
The Spheroplasts were then lysed by addition of 700ul Lysis buffer (25mM 
HEPES/KOH (pH8), 50mM KCl, 10mM MgSO4, 0.25% Triton X-100, 1mM 
PMSF, 3mM DTT, 100ug/ml RNaseA, 300mM NaCl) and incubated on ice for 
30 minutes. Cell extracts were obtained by spinning lysed Spheroplasts at 
12000rcf at 40C for 5 minutes, before obtaining the supernatant and storing at -
80oC for later use.  
 
2.5.8 DNA Enrichment 
 
2.5.8.1 CsCl Gradient  
 
Supernatant from extraction protocol was mixed with CsCl (1.05 g/ml) and 
125 g/ml bisbenzimide Hoechst 33258 (from a stock 5 mg/ml in water). The 
CsCl gradient was formed by centrifugation at 55000 RPM for 18 hours at 
20°C. The genomic DNA was purified by extraction of the DNA band using a 2 
ml syringe and a 16 gauche needle. The DNA was then washed five times with 
a solution of 83% v/v isopropanol, precipitated with a cold ethanol 70% v/v 
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and resuspended for three days in TE buffer at 4°C (10 mM Tris-Cl, 1 mM 
EDTA, pH 8). 
 
2.5.8.2 Sucrose Gradient 
 
Cleared cell lysates obtained using the spheroplasting DNA extraction 
method explained above were separated into fractions on a sucrose gradient to 
obtain samples enriched for minichromosome plasmids. Gradients were formed 
using a Biocomp Gradient Station (Biocomp model 153).  Gradients were 
formed in SW41 centrifuge tubes. In this thesis all sucrose gradients used were 
10-45% sucrose gradients. Tubes were placed in the Marker Block (supplied by 
Biocomp) to mark the mid-point of the tubes. Following this, the light solution 
(10% sucrose) was layered into the tube until it reached ~2mm above the mid-
point mark. Special care was taken to ensure no bubbles were left stuck to the 
wall of the tube. A Syringe was then filled with the heavy solution (45% 
sucrose), and the cannula attached to the syringe was inserted quickly to the 
bottom of the tube, following which the heavy solution was filled under the 
light solution until the interface between the two sucrose solutions reached the 
tube mid-point exactly. The syringe was then withdrawn quickly and smoothly 
to ensure the two solutions were disrupted as little as possible. Biocomp short 
caps were then inserted into the tubes while tilting the tube slightly and 
aligning the cap’s air escape hole with the last air to leave the tube, thus 
ensuring that once inserted no bubbles remain in the tube. Excess solution was 
removed from the cap, and the tubes were run using the pre-set program on the 
Biocomp Gradient Station. Once formed the caps were removed, and 500ul of 
cleared lysates were loaded onto the gradients before spinning at 18000rpm at 
4oC in a Beckman ultracentrifuge. The time of the spin was determined by the 
size of the minichromosome plasmid being enriched. Following this spin, the 
gradients were fractionated into 30 equal fractions comprising the entire length 
of the SW41 centrifuge tube using the Biocomp Gradient Station. The wash 
cycle was programmed such that ice cold water was pumped through the 
system between every sample ensuring the fractionator tubing was cool for 
each sample. Once fractionated, samples were immediately stored on ice.  
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2.5.9 Agarose Gel Electrophoresis  
 
2.5.9.1 1D Electrophoresis 
 
DNA extracted from samples was first digested as/if required. Gels were 
all made using Megasieve agaraose  (LifeScience H15608) in concentrations 
varying from 0.35% to 0.8% depending on application, and 0.5X-1X TBE. The 
gels then underwent southern transfer onto positively-charged nylon transfer 
membrane (Hybond-N+, Amersham Biosciences) (detailed in 2.3.9) following 
which the DNA was visualized as outlined in (2.3.8.2)  
 
2.5.9.2 2D Electrophoresis 
 
DNA extracted from samples is first digested as required. Digested DNA 
sample is then fractionated by electrophoresis using the following conditions: 
First dimension: 0.4% w/v agaraose gel (Flowgen) in TBE, (1.4V/cm), 20 – 
22.5 hours, room temperature; Second dimension: 0.9% w/v agaraose gel in 
TBE with 0.3g/ml Ethidium Bromide, (3.5-4.5V/cm), 7-8 hours, 4oC. DNA 
could be visualized using an UV transilluminator (324nm) 
For chloroquine gels used to analyse DNA topology; First dimension: 0.4% 
w/v agaraose gel in TBE, 0.5ug/ml chloroquine, (1.2V/cm), 20 hours, room 
temperature. Following the first dimension run, the gel is incubated in 1ug/ml 
chloroquine for 2 hours, before the lanes are cut and the second dimension gel 
is poured. Second dimension: 1.2% w/v agaraose gel in TBE, 1ug/ml 
chloroquine, (3.5-4V/cm), 10 hours, 4oC. 
 
2.5.10 Southern Transfer  
 
Agarose gels were prepared for Southern blot by 10-minute incubation 
with agitation in 0.25 M hydrochloric acid, followed by 45 minutes incubation 
with agitation in denaturing solution (0.5 M NaOH, 1.5 M NaCl). The gel was 
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finally neutralised by washing it in 0.75 M Tris- HCl pH 7.5, 1.5 M NaCl. 
DNA was transferred onto positively-charged nylon transfer membrane 
(Hybond-N+, Amersham Biosciences) by capillary action in 20X SCC for at 
least 15 hours. The blot was ultraviolet-crosslinked by the auto-crosslinking 
function of the UV Stratalinker 2400 (Stratagene) and was washed in 5X SSC 
before air-drying. 
DNA probes were obtained by PCR, using wild type genomic DNA as 
template, and were purified QIAquick PCR purification Kit (Qiagen). The PCR 
products were used to generate a non-radioactive probe. PCR product was 
labeled with Fluorescein High Prime mix (Roche) and incubated for 1 hour at 
37oC. Following this the labeled PCR probe was precipitated and resuspended 
in 1X TE. Following this protocol the QIAquick Nucleotide Removal Kit 
(Qiagen) was used to remove all fluorescent nucleotides not incorporated in the 
probe. 
Following labeling, the probes underwent a second cleanup using the 
Qiagen Nucleotide removal kit. 
The membrane was first incubated in blocking solution (5% Dextrane 
Sulphate sodium salt, 5% Rapid Hyb-buffer (GE Healthcare NIF939), 0.1% 
SDS) at 60oC for 1 hour, before the probe was added and left overnight to 
allow hybridisation. Blots were washed at 60°C twice in 1X SSC with 0.1% 
SDS at 60oC followed by 2 washes with 0.5X SSC with 0.1% SDS at 60oC. 
Membrane was then blocked in AB buffer (100mM Tris-HCl, 150mM NaCl, 
NaOH to pH7.5) + 1% skimmed milk powder for 1 hour, before incubating in 
AB buffer + 0.5% milk powder + Alkaline phosphatase Anti-fluorescein-AP 
FAB fragments (Roche) for 1 hour. The membrane was then washed 3 times 
with AB buffer + 0.2% Tween 20 (Sigma). CDP-Star substrate (Amersham 
detection agent, GE Healthcare) was then added to the membrane to allow 
visualisation of the DNA. 
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2.5.11 ChIP (Shirahige Lab Method) 
 
2.5.11.1 Preparation of Solubilized Chromatin from Fixed Cells 
 
100-150OD600 of cell culture was harvested, to which formaldehyde 
solution was added to a final concentration of 1%. Cells were incubated at 
room temperature for 30 minutes with gentle shaking. Cells were then pelleted 
at 3000rpm at 4oC, then resuspended in 20ml ice cold TBS (20mM Tris HCl 
pH7.5, 150mM NaCl). This wash step was repeated twice. The washed cell 
pellet was then resuspended in 1.6ml (or 0.4ml for each 25ml culture) Lysis 
buffer (50mM HEPES/KOH pH7.5, 140mM NaCl, 1mM EDTA, 1% Triton-
X100, 0.1% Na-deoxicholate, 1x Complete protease inhibitor cocktail (Roche), 
1mM PMSF). Each 0.4ml suspension was transferred to a separate 2ml tube, 
following which glass beads were added up to the level of the meniscus. The 
cells were then lysed using a Bead Beater (Multi-beads shaker, YASUI-KIKAI 
Osaka) at 0oC , 20 cycles of 1 minutes on, 1 minute off at 2700rpm. The bottom 
of the tubes was then punctured with a 26G needle. The tubes were then 
inserted into a 15ml falcon tube, which was subsequently spun at 3000 rpm for 
1 minute at 4oC. The cell lysate was recovered from the 15ml falcon tube and 
transferred to a new 1.7ml Costar ‘pre-lubricated’ tube. The 15ml falcon was 
again spun under the same conditions to ensure all of the lysate was obtained. 
The Costar tubes were then spun for 1 minute at 5000rpm at 4oC, following 
which the chromatin was sheared by sonication (Sonifyer Branson 2508, power 
1.5, 15 seconds), ensuring to keep the tip of the sonicator probe just above the 
cell precipitate. The spin down and sonicate step is then repeated a further 3 
times (i.e. 4 cycles overall). Following sonication the tubes were spun at 12000 
rpm for 5 minutes at 4oC and the supernatant was recovered to a new tube. This 
step was repeated to ensure all remaining drops of supernatant were recovered.  
At this stage 5ul aliquots were taken of each sample and mixed with 145ul 
TE + 1%SDS for DNA analysis. A further 10ul aliquot was taken of each 
sample and mixed with 10ul of 2X SDS-PAGE sample buffer for Western 
Blotting analysis (PAGE sample was boiled for 30 minutes before analysis to 
prevent reverse crosslinking). These aliquots were all stored at -20oC until 
MATERIALS AND METHODS 
 94 
required. The remainder of the cleared lysates was added to the antibody bound 
beads and incubated on a rotating wheel at 4oC overnight. 
 
2.5.11.2 Preparation of Antibody Bound Beads 
 
20ul of dynabead (Dynal Dynabeads Protein A, ?100.02 or 100.05) and 
5ug of antibody suspension was used for each IP tube. The Dynabeads were 
placed in a Costar tube and spun at 3000 rpm for 1 minute at 4oC. The 
supernatant was aspirated and pellet was resuspended in 0.5ml cold PBS 
containing 5mg/ml BSA. This washing step was then repeated one more time. 
The resulting pellet was resuspended in 100ul PBS/BSA, following which the 
antibody was added to the tube (anti-HA HA.11, BAbCO) and the samples 
were incubated on ice for 1 hour with occasional mixing. 200ul of PBS/BSA 
was then added to the tube, which was then incubated in a rotating wheel at 4oC 
overnight. Immediately before IP, the beads were washed with ice-cold 
PBS/BSA two times.  
 
2.5.11.3 Bead Wash and Elution of IP’d Fraction 
 
The IP tubes were placed in a magnetic stand to separate the beads from 
the supernatant. At this point 30ul and 10ul aliquots were taken from the 
samples for DNA analysis and western blotting analysis respectively. The 
supernatant was discarded at this point. Washing buffer (10mM Tris Hcl pH8, 
250mM LiCl, 0.5% NP-40, 0.5% Na-Deoxycholate, 1mM EDTA) was then 
added to the beads, and the tubes were inverted a number of times following 
which the magnetic stand was used to separate the beads from the supernatant. 
The supernatant was discarded. Beads were then washed twice with 0.8ml of 
ice-cold Lysis buffer without any protease inhibitors (recipe shown in 2.3.10.1), 
then twice with 0.8ml of ice-cold Lysis buffer plus 360mM NaCl (final salt 
concentration ~500mM), then twice with 0.8ml ice-cold Wash buffer. After the 
second addition of wash buffer the suspensions were transferred to new tubes. 
The suspensions were then pelleted in the new tubes and the supernatant 
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removed. The pellet was washed one final time with ice-cold TE (10mM Tris 
HCl pH8, 1mM EDTA) following which the beads were pelleted at 3000 rpm 
for 1 minute and the supernatant was then completely removed. 50ul (50mM 
Tris HCl pH8, 10mM EDTA, 1%SDS) of elution buffer was then added to the 
beads and the tubes were then incubated at room temperature for 5 minutes. 
The tubes were then spun at 13000 rpm for 1 minute at room temperature. 
Following this spin the supernatant was transferred to new tubes, and the beads 
in the original tube were again resuspended in 50ul of Elution buffer. The 
original tube was then incubated at 65oC for 10 mins with occasional mixing. 
These original tubes were then spun again and the supernatant combined with 
the supernatant from the first spin in the new tubes. These tubes were then spun 
at 13000 rpm for 1 minute to remove the beads completely, and the supernatant 
transferred to a new tube. At this stage a 5ul aliquot was taken from the 
samples and mixed with 5ul of 2X SDS-PAGE sample buffer for Western 
Blotting analysis (NB before loading the gel samples were boiled at 95oC for 
30minutes the reverse crosslinking). TE/SDS was then added to the remaining 
samples to achieve a final volume of 150ul. The IP’d DNA (as well as the input 
DNA) was then incubated at 65oC overnight to reverse the cross-linking.  
 
2.5.11.4 Clean-up of DNA 
 
For the IP fraction 150ul of TE, 3ul of glycogen (10mg/ml) and 3ul of 
Proteinase K (50mg/ml) were all added to the tubes.  Mix well with a pipette. 
For the WCE (or input) fraction 150ul of TE, 2ul of glycogen (10mg/ml) and 
2ul of Proteinase K (50mg/ml) were added to the tube. All tubes were then 
incubated at 37oC for 4 hours. 14ul of 5M NaCl was then added and mixed well. 
Following this a Phenol/Chloroform/Iso-amylalcohol (25:24:1) extraction was 
performed on the samples and the aqueous phase was recovered to a new tube. 
Following this 50ul of TE was added to the remaining non-aqueous phase, 
which was then vortexed and spun, and the remaining aqueous phase yielded 
was pooled with the original aqueous phase. 2.5 volumes of cold EtOH was 
then added following, which the tubes were vortexed and sorted at -20oC 
overnight (glycogen is already present from previous addition so no need to 
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add further). The tubes were then spun at 14000 rpm for 1 hour at 4oC. The 
supernatant was then discarded and the pellet was rinsed with cold 80% EtOH. 
Tubes were then spun at 14000 rpm for 5 mins at 4oC and supernatant 
discarded. The pellets were then dried, following which they were dissolved in 
30ul TE containing 10ug RNase A and incubated at 37oC for 1 hour. The DNA 
was finally purified using Qiagen PCR purification kit (Qiagen Cat. ?28106). 
The DNA was eluted into 50ul of TE.  
 
2.5.11.5 Library Construction to Sequencing Run 
 
These stages were carried out by Dr. Takashi Sutani  (Laboratory of 
Genome Structure & Function, The University of Tokyo) as per the established 
lab protocol 
 
2.5.12 Real-time PCR 
 
PCR reactions were performed using the Sensimix NoRef Kit (Quantance). 
Reactions were carried out according to the manufacturers instructions in a 
total volume of 20ul containing 3ul Input and oligonucleotide primer pairs 
(final concentration 1.5uM). Amplification was performed in a Bio-Rad C1000 
thermal cycler in conjunction with the Bio-Rad CFX Real-time-system and 
analysed using CFX manager (Bio-Rad). 
The primers used for the analysis of an HO-break at the MAT locus have 
been described by (Shroff et al., 2004). The melting curve of each primer pair 
was analysed to confirm the absence of contaminant PCR products.    
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2.6 Cytological Methods 
 
2.6.1 Fluorescence Microscopy 
 
For fluorescence microscopy a series of z-focal plane images were 
collected on Leica IRB using Hamamatsu D742-95 digital camera and 
OpenLabTM software (Improvision). A tunable light source (Polychrome IV 
(Photonics)) with a Xenon lamp or ultraviolet mercury lamp (Leica) were used. 
Images in different z-axis planes were flattened into a two dimensional 
projection and processed in OpenLab. . To visualize the nuclei of intact cells, 
cells were resuspended in a final concentration of 1% Triton X-100 and 
25ng/ml DAPI/Antifade. 
 
2.7 Additional Unlisted Apparatus  
 
Nanodrop® Spectrophotometer ND-1000 
Eppendorf Mastercycler 
UV1101 Biotech Photometer 
Invitrogen Qubit® 2.0 Fluorometer   
Elga Maxima Ultra-pure water distiller 
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3 RESULTS: Factors Involved in Mediating (+) 
Supercoiling Transition  
 
3.1  Objectives 
 
• To identify the factors involved in mediating the (+) supercoiling 
transition seen in S. cerevisiae at the metaphase to anaphase 
transition  
 
 
3.2 Approach 
 
To identify proteins essential for the (+) supercoiling transition I used a 
protocol previously developed to visualize the transition in a synchronous cell 
population. This technique makes use of the temperature sensitive degron 
system for degrading proteins in vivo outlined in Figure 12 and Figure 13. The 
N-terminal of the gene of interest is first tagged with the heat-inducible degron 
construct. In the absence of the drug Doxycycline, the TetO promoter is active 
and the full length of the tagged gene is transcribed with the ‘degron module’ 
fused to the N-terminal (this module is comprised of a Ubiquitin (Ub) followed 
by an Arginine residue, which is destabilizing in the N-end rule pathway. A 
temperature sensitive mutant of mouse Dihydrofolate reductase is located 
between the N-terminal of the protein and the Arginine residue). Following 
expression of the construct, the Ubiquitin (Ub) moiety is cleaved 
cotranslationally by de-ubiquitinating enzymes (DUB’s) revealing an Arg 
residue on the N-terminal of the fusion product. At the permissive temperature 
(23/25oC) degradation does not occur, as neither the destabilizing Arg residue 
nor a suitable Lysine residue are sufficiently exposed for recognition by UBR1 
(expressed from the GAL promoter) and subsequent poly-ubiquitinating, due to 
the conformation of the DHFRts. Following a shift to the non-permissive 
temperature (37oC) both the Arg residue and a Lysine residue become 
accessible on the DHFRts, allowing for UBR1 recognition of the Arg, and 
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poly-ubiquitanation onto the Lysine residue, thus marking the protein for 
degradation by the proteasome. In addition to controlling degradation of the 
protein, by addition of the drug Doxycycline the TetO promoter is repressed 
and the transcription of the gene is shut off, ensuring much tighter control over 
the system (Dohmen and Varshavsky, 2005).  
 
 
 
 
Figure 12 - Temperature sensitive degron construct design 
As shown the full Degron construct tag is inserted onto the N-terminal 
of the target protein such that in addition to degrading the promoter, the 
transcription of the gene can be shut off using the TetO promoter (i.e. by 
addition of Doxycycline) 
 
 
 
Figure 13 - Temperature Inducible Degron mode of action (Dohmen 
and Varshavsky, 2005) 
A) Degron at permissive temperature, therefore no degradation 
B) Degron at non-permissive temperature therefore degradation of 
protein occurs 
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This heat inducible degron system was used to control the degradation of 
both Top2 and Cdc20. In doing so this allows us to create a situation whereby 
the plasmids within the strains will be highly catenated (as the protocol requires 
the identification of catenated dimers, and the triggering of the Top2-td prior to 
S-phase provides us with an enriched population of such species within our 
sample) and the cells will arrest at the metaphase to anaphase transition, a stage 
of the cell cycle at which the (+) supercoiling transition has occurred providing 
the correct factors for this transition are available. As mentioned this assay is 
performed in cells that maintain a centromeric plasmid, as such plasmids retain 
all of their topological characteristics when they are extracted from the cell, as 
they are topologically closed. This assay cannot be performed on the genomic 
DNA as extraction causes the DNA to lose any topological characteristics that 
were maintained while within the cell (topological regions are applied to the 
genome through binding of the chromosomes to cellular structures such as the 
cytoskeletal elements, which upon extraction are removed from the 
chromosomal DNA; thus the topology of the chromosomes in vivo is lost upon 
extraction). We used yeast plasmids, as they possess yeast origins and 
centromeric sequences, and as a result their segregation dynamics accurately 
mimic that of the endogenous chromosomes. Thus any topological 
characteristics represented in the plasmids can be seen as analogous to the state 
of the endogenous chromosomes in vivo. Into this background strain we then 
either mutate proteins suspected of playing a role in triggering the (-) to (+) 
supercoiling transition such that they become temperature sensitive, or we 
place proteins suspected as having the ability to trigger the (+) supercoiling 
transition in a dominant manner under control of the Gal-inducible promoter. 
 
For the standard protocol, used to ascertain whether or not the strain is 
capable of triggering the (+) supercoiling transition, the cells were cultured 
until they reach the exponential growth phase in YP media with Raffinose. At 
this point the strains were arrested in G1 by addition of the mating pheromone 
alpha Factor. Following arrest in G1 the degrons (Top2 and Cdc20) were 
triggered to deplete these proteins from the cell by addition of Galactose, 
Doxycycline and a temperature shift from the permissive temperature (25oC) to 
the non-permissive temperature (37oC). In the instance of the strain containing 
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a temperature sensitive mutant, the temperature shift required to trigger the 
degrons also triggered the temperature sensitive mutant of the protein of 
interest, as the non-permissive temperature for the two systems for depleting / 
inactivation protein is identical (i.e. the protein of interest represents the protein 
suspected of playing a role in the (-) to (+) supercoiling transition). In the 
instance of the strain containing a protein of interest under control of the 
inducible GAL promoter, the Galactose addition to trigger the degrons, 
similarly triggered expression of the protein of interest. A diagram displaying 
this general system is shown in Figure 14. 
 
 
 
Figure 14 - Outline of the protocol used to test the ability of the cell to 
trigger the (+) supercoiling transition 
 
 
Cells arrested in G1 by addition of mating pheremone
Culture switched to the non-permissive conditions for the degrons
(top2td and cdc20td) - 37oC + Doxycycline
Culture split and released from G1 arrest
+ Nocodazole (MT depolymerising drug) - Nocodazole (MT depolymerising drug)
Metaphase arrest with bi-oriented chromosomes 
              due to Cdc20 depletion
Metaphase arrest at SAC due to inability to form
     MT and correctly bi-orient chromosomes
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After sufficient time to allow for depletion / inactivation of the required 
factors (NB Western Blots have been performed by previous lab members to 
ascertain the time required to achieve full depletion of the proteins under 
control of the heat inducible degron system – data not shown) formed by the 
cells were then released from the Alpha factor block into the cycle, in one 
instance in the presence of the microtubule depolymerizing drug Nocodazole, 
and in a second instance in the absence of this same drug. This allowed us to 
obtain two situations, one where we know the (-) to (+) supercoiling transition 
should occur (i.e. the situation without Nocodazole as these cells will arrest at 
the metaphase to anaphase transition due to the depletion of Cdc20), and one 
situation where we know the transition will not occur (i.e. in the presence of 
Nocodazole as these cells will arrest at the spindle checkpoint due to the 
inability to form the spindle and bi-orient the chromosomes correctly on the 
metaphase plate. It should be noted that in this situation the cell is also lacking 
Cdc20). As a result should the investigated factor be required for the (-) to (+) 
supercoiling transition we would see that in the instance where the cell arrests 
at the metaphase to anaphase transition, the plasmid does not display this 
topological shift. In the instance of expression of a factor that triggers the 
transition in a dominant manner, we would expect to see the plasmids display 
this topological shift in the instance where Nocodazole is present and the cells 
are unable to form spindles.   
 
Importantly it should be noted that depletion of Top2 in G1 does not affect 
the ability of the cell to perform replication successfully (Figure 15), as the 
Type I topoisomerases are able to relax the accumulated helical tension ahead 
of the advancing replication fork and so allow the replication machinery to 
progress unperturbed.  
 
 
Figure 15 - Top2 is not required for a successful S-Phase 
WT Top2td
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3.3 DNA transitions from displaying (-) supercoiling to (+) 
supercoiling in late anaphase 
 
The initial discovery of the (+) supercoiling transition was made using a 
Top2-td Cdc20-td pRS316 strain, cultured as explained in the approach section. 
As shown in Figure 16, post replication we obtain a dimer species, which we 
denote as the ‘CatC’ dimer species. Importantly from this point on CatC is used 
to refer to dimers present in the cell in a ‘pre-anaphase’ state. This can be seen 
to appear 40 minutes post release from G1 arrest (corresponding with the onset 
of S-phase as determined by FACS analysis). Shortly afterwards at the 80 
minutes time point the electrophoretic mobility of the CatC dimer species can 
be seen to shift, such that it runs in a smear around the region of the relaxed 
circular monomers. This dimer species we refer to as the CatC* dimer species 
(i.e. representing plasmid dimers in their ‘post-anaphase’ state).  
The differences between the changing intensity of the CatC and CatC* 
band when cells are released into a nocodazole mediated G2 arrest vs a 
Cdc20td mediated G2 arrest are depicted clearly in Figure 16 B. The graph for 
the CatC intensity clearly shows a drop in the levels of CatC, and a resulting 
rise in the levels of CatC* following the 40 minute timepoint when cells are 
permitted to form a functional spindle, whereas this is not seen in the case 
where spindle formation is prohibited.   
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A) 
 
B) 
 
 
 Figure 16 - (+) supercoiling transition at anaphase 
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Cartoon depictions of the varying monomer and dimer species and the 
nomenclature associated with each of them is displayed in Figure 17. 
 
A) Top2-td Cdc20-td pRS316 cells were synchronized in G1, during 
which time the Top2 and Cdc20 were depleted with half being 
synchronously released into YP2A (left), and the second half released 
into the same media in the presence of nocodazole (right). We observe 
the appearance of catenated dimers following replication at 40 minutes 
post G1 release. This band corresponding to catenated dimers then 
experiences a shift in its electrophoretic mobility upon formation and 
attachment of the spindle. When the spindle is prevented from forming 
by the use of microtubule depolymerizing drugs this shift is not 
observed. Also seen is a gradual reduction in intensity of all bands 
towards the later time points.  
B) Quantification of the gel shown in Panel A).  Left – the intensity 
profile of the CatC, OCm, CatC* and CCCm species are depicted 
from T=0 to T=120. This data is shown graphically with respect to the 
CatC (right bottom) and CatC* (right top) species. Y-axis values are 
arbitrary intensity values, and X-axis are minutes post release from 
G1 arrest. It should be noted that quantification of most bands was 
straightforward, however to quantify the CatC* smear, the value of 
the OCm band had to be subtracted from the overall value obtained, 
as this migrates directly in the middle of the CatC* smear. This does 
introduce some error to our calculations but we still believe this 
represents a best estimate for the CatC* (post anaphase dimer species) 
smear.  
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Figure 17 - Cartoon depiction of varying topoisomers attained by 
catenated dimers including pre-anaphase CatC and post-anaphase CatC* 
Additionally shown are the transitions between species that can be 
achieved through targeted nicking of the dimers. As shown, nicking of 
one or both members of a catenated dimer can convert the species into 
another dimer form (i.e. either CatB (1 nick) or CatA (2 nicks)). In 
many cases the presence of OCm is unavoidable as it forms as an 
artifact of the processing protocols (only requires CCCm to become 
nicked once to form the OCm).  
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Only 1 catenated node shown for diagramtic purposes. 
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Further to this initial discovery we wanted to identify exactly what had 
changed in the plasmid between the 60 minute time point and the 80 minute 
time point post release from G1, that had altered the electrophoretic mobility of 
the plasmid in a manner such that it runs in the diffuse smear seen around the 
OCm band post ‘shift’. The most immediate possibility was a change in the 
topological nature of the plasmid, as changes to supercoiling structure having 
the ability to affect the electrophoretic mobility of plasmids is well documented. 
This is demonstrated by the wide use of intercalating agents to alter 
electrophoretic mobility of bands to aid resolution of particular structures.  
 
To ascertain whether this possibility was the case, we utilized a second 
protocol, aimed at directly measuring the supercoiling state of monomer 
plasmids. Consequently this protocol would enable us to see if there was any 
change to the topological state of the monomer plasmids over the period during 
which we see this shift in electrophoretic mobility.  In this protocol the cells are 
first arrested at the spindle checkpoint by addition of nocodazole. We know 
that this arrest provides us with a situation where the electrophoretic transition 
has not yet occurred and so constitutes a good starting point (T=0). Importantly 
in this protocol the cells are permitted to pass through S-phase with WT levels 
of Top2. As a result the nocodazole mediated arrest is attained with an enriched 
population of monomer plasmids (as the small size of these centromeric 
plasmids means that the vast majority become decatenated immediately 
following replication) allowing us to study the supercoiling state of these 
plasmids individually. Following this the cell is depleted of Cdc20 or both 
Cdc20 and Top2, before being released from the nocodazole arrest. In both 
cases the cells will subsequently arrest at the metaphase to anaphase transition 
due to the lack of Cdc20, and by sampling in between these two distinct points 
of arrest we can analyse the changing supercoiling states of the monomer 
plasmids. In contrast to the assay examining the topological alterations in the 
dimer population, this protocol to analyse directly the supercoiling change seen 
in monomer plasmids requires that the extracted DNA be run in 2 dimensions, 
in varying concentrations of the DNA intercalating agent Chloroquine. This 
allows us to separate the various topoisomers of the monomer plasmids into 
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spatially distinct dots on the agarose gel.  The running conditions are shown in 
Figure 18. 
 
 
 
 
 
Figure 18 - Running Conditions for 2-dimensional gel to ascertain 
supercoiling state 
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A) 
 
B) 
 
                                      
 
Figure 19 - (+) supercoiling transition seen in monomers 
Taken from (Baxter et al., 2011)  
Panel A) When cells are permitted to form a functional spindle we see the 
production of highly positively supercoiled monomers in the absence of 
Top2. Additionally we see that when Top2 is present these (+) species are 
not seen. Additionally in this condition it appears we see a small relaxation 
in the level of negative supercoiling   
Panel B) Cartoon representation of how the plasmid distribution relates to 
supercoiling status is shown 
 
WT Top2 expression
Top2 depleted prior to the Metaphase to 
Anaphase transition 
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From the analysis of the supercoiling state of the monomer plasmids 
species as the cells are released from a G2/M arrest (mediated by nocodazole 
addition) to an arrest at the metaphase to anaphase transition (mediated by 
depletion of Cdc20) we can see that in the absence of Top2 there is a change in 
the pattern of Topoisomers present. Specifically we see that following release 
from the G2/M arrest we gain a population of highly (+) supercoiled monomer 
plasmids.  
 
In addition to nicking the plasmid to alter its supercoiling state as shown in 
Figure 17, an alteration in the twist of the molecule followed by some form of 
stabilisation event (e.g. action of a topoisomerase or insertion of an 
intercalating agent into the molecule) can also change the supercoiling state 
(this is demonstrated in Figure 20). This is a possible explanation for how our 
‘pre-anaphase’ CatC population is altered to achieve the ‘post-anaphase’ CatC* 
population.  
 
 
Figure 20 - Addition of twist can convert (-) supercoiled plasmids to 
positively supercoiled plasmids, assuming any change is stabilised 
 
Both memebers of dimer (-) supercoiled
CatC dimer species
(Pre-Anapahse)
Introduction of (+) supercoiling results in relaxation 
Further introduction of (+) supercoiling results in 
both members of dimer becoming (+) supercoiled
CatC* dimer species
(Post-Anaphase)
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Also to be noted however is the fact that we never appear to lose the 
baseline (-) supercoiled monomer signal. Additionally we can see that when 
Top2 is present at WT levels the highly positively supercoiled population of 
monomer plasmids doesn't appear, in fact the pattern of topoisomers appears 
not to change at all between the two arrest stages. We suggest that this is due to 
Top2 relaxing these positive supercoils before they are able to accumulate to a 
level at which they can be detected. 
 
From the results shown in both Figure 16 and Figure 19 we conclude that a 
shift in the topological state of the plasmid occurs from a basal (-) supercoiled 
state to a highly (+) supercoiled state, however this transition is not maintained, 
rather the shift is transient one, serving to increase the favorability of Top2 
substrates representing catenated nodes over other possible substrates.  
 
Thus we demonstrated that at the metaphase to anaphase transition a shift 
in the supercoiling state of the plasmid occurs from a state of (-) supercoiling to 
a state of (+) supercoiling, and this is represented in assays on both plasmid 
dimers and plasmid monomer species. Further to these investigations we 
ascertained that the purpose of this shift in the topological state of the genome 
was in order to direct the action of Topoisomerase II towards decatenation of 
catenated nodes, in preference to its other functions including the relaxation of 
supercoils within the genome. This is shown in Figure 21.  
 
Prior to the topological shift demonstrated here (ie when plasmids are in 
their ‘pre-anaphase’ CatC conformation) Top2 can be seen to relax supercoils 
in plasmid dimers prior to displaying a decatenating activity, however in a 
sample enriched for CatC* population of plasmid dimers (i.e. post-anaphase 
plasmid dimers) decatenation is seen to occur preferentially to relaxation of 
supercoils (Figure 21). Indeed, we found that Top2 fully resolves CatC* dimers 
with one order of magnitude fewer units of enzyme than are needed to fully 
resolve similar CatC dimers levels in vitro. These findings have been published 
- (Baxter et al., 2011)    
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Figure 21 – Top2 preferentially decatenates following (+) supercoiling 
transition (i.e. in post-anaphase CatC* population) 
To enrich for CatC* population cells were harvested from the 80 
minutes timepoint shown in Figure 16 (absence of nocodazole), while to 
enrich for a CatC population cells were harvested from the 40 minute 
timepoint of the same figure. We see retardation of the CatC band prior to 
the release of monomers in the CatC population. In contrast, in the CatC* 
population monomers are seen to be resolved at the lowest concentration 
of recombinant Top2, prior to any band retardation (signaling supercoil 
relaxation). This work was carried out by Dr Jonathon Baxter (Baxter et 
al., 2011) 
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3.4 (+)-supercoiling transition is dependent on both the Cohesin 
complex and the Condensin complex 
 
Following on from the initial discovery of this shift in topological state 
from (-) supercoiling to (+) supercoiling, we set out to reveal the major players 
in mediating and regulating this transition. One of the most obvious candidates 
to analyse first was the Condensin complex, as it has been previously 
demonstrated by in vitro work to possess the ability to remodel plasmids by 
inducing a state of positive supercoiling. To analyse whether the Condensin 
complex has a role in this transition we utilized a temperature sensitive mutant 
of the essential Smc2 component of the Condensin complex, dubbed Smc2-8. 
This mutation was inserted into the endogenous SMC2 gene in the strain Top2-
td pRS316. Subsequently to analyse whether or not the Condensin complex 
plays a role in mediating this topological transition we carried out the same 
assay as depicted in Figure 19, and the results of this assay are shown in Figure 
22. 
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Figure 22 - Smc2 requirement for (+) supercoiling transition 
 
 
 
 
 
 
 
This assay demonstrates that upon release from the G2/M arrest (induced 
by addition of nocodazole to the culture media) the cells do not accumulate a 
highly positively supercoiled plasmid monomer species population, as they do 
Due to the weak signal this result has been shown twice, once carried out by 
myself (bottom) and once by Dr Jonathon Baxter (top). Highly positively 
supercoiled monomer species are indicated by arrows and can be seen to 
appear only in conditions where functional Smc2 is present at endogenous 
levels. 
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when functional Smc2 is present. Further to this finding, an assay was carried 
out as depicted in Figure 16 demonstrating that additionally the CatC 
population of the catenated dimers present do not undergo a shift in 
electrophoretic mobility when functional Smc2 is not present (Figure12) 
(Baxter et al., 2011).  
 
 
 
Figure 23 - Smc2 requirement for (+) supercoiling transition in dimers 
Upon release from G1 we see accumulation of catenated dimers at the 
40 minutes timepoint as normal. There is no shift the in the electrophoretic 
mobility of the dimer band suggesting that in the absence of functional 
Smc2 the cell fails to convert the pre-anaphase CatC species into the post-
anaphase CatC* species. This shows that Smc2 is required for this 
transition  
 
 
Next we decided to test whether the Cohesin complex contributes to this (-) 
to (+) supercoiling transition. To analyse the role of the Cohesin complex we 
used a temperature sensitive mutant of the Scc1 Kleisin component of Cohesin, 
dubbed Scc1-73 (characterised by the mutation S525N). In the absence of the 
Scc1 Kleisin component, the Cohesin complex is non-functional as it is unable 
to form the proteinaceous ring structure that has been proposed to be essential 
for its functions in generating cohesion between sister chromatids. This 
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temperature sensitive mutation was inserted into the endogenous SCC1 gene of 
the strain Top2-td Cdc20-td pRS316. To discern whether the Cohesin complex 
plays a role in some aspect of the (+) supercoiling transition at the metaphase to 
anaphase transition, we carried out the same range of assays that were carried 
out to assess the role played by the Condensin complex.  
 
The results of this assay are shown in Figure 24. Unlike the case when WT 
Scc1 is present (Figure 16), when Scc1 is inactivated we do not see the loss of 
the CatC band at the 80 minutes timepoint and we do not see the resulting 
formation of a smear corresponding to the formation of the CatC* (post-
anaphase) dimer species at this same timepoint. To be sure of this result we 
carried out a 2 dimensional gel analysis of the monomer supercoiling state as 
previously described in Figure 18 and Figure 19. This result is shown in Figure 
24 C, and shows no formation of supercoiled monomer species (depicted by the 
formation of a smear at the bottom of the gel as shown in Figure 18). As a 2 
dimensional gel was run in this manner we deemed it unnecessary to quantify 
the gel shown in Figure 24 A as the result is clear.  
Thus the presence of a functional Cohesin complex is required to enable 
the cell to carry out this (+) supercoiling transition. Further to this we have yet 
to establish what the functional nature of the role of the Cohesin complex is in 
triggering this event, and our ability to speculate in this issue is particularly 
limited by the lack of any evidence within the literature linking the Cohesin 
complex to any ability to enact a structural alteration of chromatin. 
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A)     B) 
        
C) 
 
              
 
Figure 24 - Scc1 requirement for the (+) supercoiling transition 
 
 
 
 
 
 
 
 
 
6OP6Q 
Panel A) When cells were released from a G1 arrest into the cycle in the 
absence of functional Scc1 we failed to observe the characteristic shift in 
electrophoretic mobility at the 80 minute timepoint, suggesting that Scc1, 
and thus probably Cohesin, play some role in triggering this transition.     
Panel B) Here we see that Scc1 has no apparent effect on the mobility of 
the catenated dimer bands when the formation of the mitotic spindle is 
prevented (There is an apparent increase in the extent of negative 
supercoiling seen)  
Panel C) The assay to analyse the supercoiling state of the monomer 
plasmids was carried out to confirm our result from Panel A. In this assay 
we see no accumulation of (+)-supercoiled species upon formation of the 
mitotic spindle. This result confirms the finding shown in Panel A, 
demonstrating that functional Scc1 is required for the (+)-supercoiling 
transition.  
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3.5 The Brn1 component of Condensin does not appear to play a 
dominant role in the (+) supercoiling transition  
 
Further to the finding that Smc2 is required for the (+) supercoiling 
transition, we decided to investigate whether other members of the Condensin 
complex are also required for the (+) supercoiling transition. In this line of 
thought we decided to begin by looking at the requirement of the cell for the 
non-SMC Brn1 component of the Condensin complex, as there is previous 
evidence within the literature of Brn1 being essential for successful 
chromosome condensation in S. cerevisiae (Lavoie et al., 2000; Ouspenski et 
al., 2000) and thus it seems particularly likely given the role of Smc2 in 
triggering this topological event, that Brn1 would also be required. 
  
To ascertain whether Brn1 is required for the (+) supercoiling transition we 
used the same assay as depicted previously in Figure7. In this case a 
temperature sensitive mutation was inserted into the endogenous BRN1 gene, 
dubbed brn1-60, within the strain Top2-td Cdc20-td pRS316. This BRN1 
mutation was inserted by substituting a PCR construct containing the mutation 
(K489E,P490S) (created by GENECUST©) for the endogenous gene sequence. 
The non-permissive temperature for this mutation was identical to that required 
by the temperature dependent degrons for Top2 and Cdc20. 
 
The result of the assay is depicted in Figure 25. What we see is a gradual 
diminishing of the intensity of the pre-anaphase CatC signal, but without the 
appearance of the strong smear corresponding to the production of the post-
anaphase CatC* species (or at least not as strong a smear as we would expect 
given the smear intensity seen in the WT – Figure 16). The signal from this gel 
is considerably stronger than our WT situation (Figure 16) and this may 
account for some of the differences between the two. Ultimately it would 
appear that the inactivation of the Brn1 component of the Condensin complex 
has no significant affect on the cells ability to trigger the (+) supercoiling 
transition. The reduction in the CatC band over the course of the experiment 
where the cell was permitted to form a fully functional spindle may indicate a 
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minor role, however the result strongly suggests that Brn1 does not play a 
dominant role in mediating the (+) supercoiling transition (as in its absence the 
cell appears to be able to trigger the (+) supercoiling transition to some degree).  
 
The lack of a drastic alteration in the dynamics of the supercoiling 
transition was a particularly unexpected result as the literature suggests that the 
Brn1 protein is required for both chromosome condensation and proficient 
sister chromatid segregation and additionally we know that functional Smc2 is 
required for the (+) supercoiling transition. As such we had expected it to play 
a dominant role in this transition. One possibility would be that the Smc2 
protein has a role independent of the well-documented roles Condensin 
complex as a whole.  
 
The lack of a strong result from our Brn1 inactivation assay, and the 
possible weak/partial phenotype seen, requires further investigation before we 
can offer a well-supported theory as to the mechanistic model. Any functions 
possessed by the non-SMC Condensin proteins independent of their respective 
SMC complexes is something which previously has not been previously 
recorded. 
 
No quantification of this gel was carried out, as the visual outcome (ie. The 
altering intensities of the different plasmid species within the cells) of the 
experiment from the gel is obvious.  
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Figure 25 - Brn1 requirement for the (+) supercoiling transition 
 
When allowed to pass through the cell cycle in the absence of the 
microtubule poison nocodazole, the pattern of Catenane dynamics 
appears to resemble closely that seen in WT conditions. The CatC band 
appears at 40 minutes with similar kinetics as in WT conditions, and 
diminishes in an equally similar manner, however the resulting smear 
corresponding to the CatC* species is not seen to appear with the same 
intensity as it WT conditions. When cell pass through the cycle in the 
presence of nocodazole there is no difference seen between the brn1-60 
and WT conditions. FACS analysis shows that cell cycle dynamics were 
unperturbed due to the brn1-60 mutation 
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3.6 The role of Condensin phosphorylation in mediating the (+) 
supercoiling transition  
 
From our initial finding that the Smc2 subunit of the Condensin complex 
was required to trigger the (+) supercoiling transition seen at the metaphase to 
anaphase transition, we sought to identify the change in the complex at the 
onset of anaphase that enabled it to initiate / mediate this topological shift. 
From the literature we know that the major regulatory pathway responsible for 
the control of the Condensin complex is mediated by CDK1 (Cdc28) either 
directly or indirectly (Bazile et al., 2010). With chromosome condensation 
being one of the earliest cytologically discernible events in mitosis, and with 
CDK1 being the earliest activator of the mitotic program, it follows that CDK1 
activity likely plays a major role in the activation of Condensin in mitosis. 
Indeed many of the subunits of the complex (Smc4, Brn1, Ycs4, Ycg1) 
experience varying levels of phosphorylation throughout the cell cycle as 
demonstrated through multiple proteome-wide mass spectrometry analyses 
(Bazile et al., 2010). Furthermore a number of these identified phosphorylation 
sites conformed to the minimum CDK1 consensus sequence (Songyang et al., 
1994) and thus are likely sites of CDK1 phosphorylation. The phosphorylation 
patterns seen within the Condensin complex are evolutionarily conserved, 
implicating their importance in the control of the Condensin complexes ability 
to remodel the genomic complement (Bazile et al., 2010).  
 
The first assay we sought to conduct was aimed at identifying whether the 
phosphorylation pattern seen in the non-Smc subunits of the Condensin 
complex were in some manner responsible for triggering this ability to alter the 
topological state of the chromatin. To do this we inserted the construct GalS-
Brn1-Ycg1-Ycs4(TtoD) (Genecust©) into the Top2-td  Cdc20-td pRS316 
background strain. This construct was cloned into the integrative plasmid 
vector pRS402, such that digestion of the plasmid with the restriction enzyme 
StuI targets the construct to the ADE2 locus of the genome. Upon addition of 
Galactose to the culture media expression from this construct is induced, 
resulting in production of Brn1, Ycg1 and Ycs4 all with key phosphorylation 
RESULTS: Factors Involved in Mediating (+) Supercoiling Transition 
 122 
sites mutated to the phospho-mimic residue Aspartate (the structure of aspartate 
carries similar terminal functional groups and charges as a phosphorylated 
residue thus mutation of the residue with Aspartate (or glutamate) can resemble 
a constitutive phosphorylation at this site). If these phosphorylations are indeed 
responsible for control of the Condensin complexes’ ability to alter the 
topological conformation of the chromatin structure in a dominant manner, then 
by expressing these mutants we should be able to bypass regulatory loops prior 
to this phosphorylation event. In essence if these key phosphorylation sites are 
sufficient to induce this activity in condensin then we might be able to 
artificially induce this (+) supercoiling shift in conditions that would otherwise 
be repressive to this event.  
 
The assay to analyse whether these select phosphorylations on Brn1, Ycs1 
and Ycs4 were sufficient to trigger the (+) supercoiling event was in essence 
identical to that carried out in Figure 25, only upon initial arrest of the strain in 
G1 (by addition of the mating pheromone Alpha factor), the galactose added to 
trigger the Top2-td and the Cdc20-td would also trigger expression of the 
mutant non-Smc Condensin subunits, before releasing the cultures into media 
lacking Alpha factor, one in the presence of nocodazole, one in the absence of 
nocodazole. Importantly the endogenous Condensin components are still 
present, however with a Galactose induced expression the phospho-mimicking 
mutant proteins should outnumber the endogenous proteins by many orders of 
magnitude, and thus the endogenous proteins should not effect the result. The 
results of this assay are displayed in Figure 26.  
 
In the gel shown in Figure 26, we see a strong transition triggered in the 
case where spindle formation is permitted (we see a loss of the CatC band at 
the 80 minute timepoint coinciding with the gain of a large smear 
corresponding to the CatC* post-anaphase dimer species), and a complete lack 
of a transition in the situation were the formation of a functional spindle is 
prevented by the addition of nocodazole (the CatC band is maintained 
throughout the period of the experiment and no smear corresponding to the 
formation of the CatC* species is seen to form). Thus we can conclude from 
this assay that the expression of these non-Smc Condensin subunits displaying 
RESULTS: Factors Involved in Mediating (+) Supercoiling Transition 
 123 
phospho-mimic residues at key phosphorylation sites was not sufficient to 
induce the (+) supercoiling transition in the cells which are prevented from 
forming functional spindles due to the addition of the microtubule de-
polymerizing drug nocodazole; CatC species of dimer appears with WT 
dynamics (at the point of replication) however they fail to reduce in intensity 
and we do not see any appearance of a CatC* smear. Thus these targeted 
phosphorylations were insufficient to bypass the requirement of the spindle in 
triggering this (+) supercoiling transition. Additionally these phospho-
mimicking proteins did not appear to alter the cells ability to trigger the (+) 
supercoiling transition as compared with the WT conditions as shown in Figure 
16; The pre-anaphase CatC dimer species appears and reduces with kinetics 
identical to the WT situation, as does the smear representing the post-anaphase 
CatC* dimers.  
 
We are unable to rule out the possibility that the presence of endogenous 
WT Condensin complex members may have played some role in obscuring a 
difference in (+) supercoiling transition dynamics.  
 
Taking into account the results from these assays, we suggest that this 
experiment was perhaps rather speculative, as it relies on all of the targeted 
phospho-sites in all three of the non-Smc Condensin subunits being required at 
the same time to control the Condensin complexes ability to alter the 
topological conformation of the chromatin. More likely is that phosphorylation 
of particular key sites are in a specific order or pattern, along with a number of 
additional regulatory events such as phosphorylations of the Smc components 
of the complex. However this concept is rather a tricky one to prove, and as 
such we decided to check to see if we could identify any dominant single 
alteration in a key protein that would have the ability to either promote the (+) 
supercoiling transition in conditions which would otherwise prevent it, or else 
prevent the (+) supercoiling transition in conditions which would otherwise 
favour it.     
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A)  
 
B)                                                                           C)   
               
D) 
 
 
Figure 26 - Effect of Condensin non-SMC subunits displaying 
phosphomimic residues 
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A) Western blot for C-terminal tags on the Brn1-HA / Ycg1-MYC / Ycs4-
FLAG. Clone 7 used as clone 20 appears to demonstrate some leaking from 
the Gal promoter.  
B) Cells are capable of triggering the (+) supercoiling transition when 
allowed to progress through the cell cycle unperturbed (left); CatC* smear 
is seen to appear with dynamics in an identical fashion to that seen in WT 
cells. When Cells are prevented from forming functional spindles the (+) 
supercoiling transition is not seen (right); CatC start species appears with 
WT dynamics however fails to disappear and we do not see the appearance 
of a CatC* smear corresponding to the ‘post-anaphase’ dimer species 
indication that the transition has not occurred.  
C) Western blot demonstrating that expression of the constructs during the 
experiments 
D) Quantification of the intensities of the CatC, OCm, CCCm, and CatC* 
plasmid species throughout the course of the experiment when cells are 
permitted to form functional spindles (left) and when formation of spindles 
is prohibited (right)  
 
 
 
Another method to test this theory would have been to knock-out the 
kinase, but as there are a number of possible candidates (Cdk1, Cdc5 etc.) and 
that all the candidates are major players in a number of important pathways 
throughout the cell cycle, it would be impossible to narrow down any effect 
seen to being caused by failure to phosphorylate only a condensin subunit. 
Thus this line of thought was closed.  
 
Following on from the previous assay we decided to analyse whether key 
phosphorylation sites identified in the Smc4 component of the Condensin 
complex had any bearing on the ability of the complex (or downstream effector 
proteins) to trigger the (+) supercoiling transition seen to occur at the 
metaphase to anaphase transition. From the literature we know that a number of 
specific residues within the N-terminal of the Smc4 protein have been 
identified as possible key sites of phosphorylation by Cdc28 (CDK1), due to 
their correspondence to an identified weak CDK1 consensus sequence motif 
(Bazile et al., 2010; Songyang et al., 1994; St-Pierre et al., 2009), and 
additionally Cdc28 has been shown to activate the supercoiling activity of the 
Condensin complex in vitro; we suspect Cdc28 to play a key role in the 
regulation of this topological transition, either directly or indirectly via 
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downstream kinases / effector proteins, as the activity levels of Cdc28 are seen 
to peak around this point of mitosis. To test the importance of these sites, in 
respect to the activation of Condensin’s ability to alter the topological state of 
chromatin, we constructed two mutants. In one mutant the possible residues 
within the Smc4 protein N-terminal which match the weak CDK1 consensus 
phosphorylation motif (pS / pT-P-X-R/K – this motif was published in 
(Songyang et al., 1994) had been mutated to Aspartate residues, to mimic the 
effect of constitutive phosphorylation, whereas in the second mutant these same 
sites had been mutated to Alanine, to mimic the effect of constitutively 
preventing phosphorylation of these Smc4 N-terminal residues.  
 
To create these mutants we generated the following constructs – GalS-
Smc4(T-60-109-113-117-128A) / GalS-Smc4(T-60-109-113-117-128D) 
(created by Genecust©). These constructs were cloned into the integrative 
plasmid vector pRS404, which when digested with the restriction enzyme 
EcoRV targets the construct into the TRP1 locus of the strain Top2-td Cdc20-td 
pRS316. Upon attaining the successfully transformed strains we used the same 
protocol as that described in Figure 25. Once the cells were arrested in G1 
using addition of the mating pheromone Alpha factor the degrons were 
triggered by addition of Galactose and Doxycycline, and the temperature was 
shifted to the non-permissive temperature (37oC). These conditions would also 
have allowed for expression of these Smc4D/A mutants, and the cultures would 
be subsequently released into the cycle, with one eventually arresting due to the 
presence of nocodazole and the other arresting at the metaphase to anaphase 
transition due to the depletion of Cdc20. The results for this assay are shown in 
Figure 27. 
 
When the phospho-mimicking strain is released from a G1 arrest into cycle, 
with conditions allowing for the formation of a functional spindle (Figure 27 A 
– top left), we see the CatC dimer species appear with WT kinetics, however its 
subsequent disappearance appears perturbed, and does not correlate with WT 
kinetics. Additionally we do not see the formation of a strong smear 
representing the post transition CatC* dimer species – a weak smearing effect 
is seen but does not look as convincing as the WT and could be due to 
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overexposure. When the cells are released into the cycle and are prevented 
from forming a functional spindle due to the presence of nocodazole (Figure 27 
A – top right) we see the formation of the CatC band with WT kinetics and the 
failure of this band to disappear, corresponding with a failure to produce a 
CatC* smear. The gels and the subsequent quantifications shown below 
demonstrate that the trends for the CatC and CatC* dimer species throughout 
the course of the experiment mirror exactly the situation we see in the WT 
condition, however in a far noisier manner. There are minor differences such as 
the CatC intensity only falling at the 80 minute timepoint rather than the 60 
minute timepoint as in the WT, however the overall trends demonstrate that the 
ability of the cell to trigger this (+) supercoiling transition is not drastically 
impaired.  
 
When the phospho-null strain is released from a G1 arrest into cycle, with 
conditions allowing for the formation of a functional spindle (Figure 27 B – top 
left), we see the CatC dimer species appear with WT kinetics, however its 
subsequent disappearance appears perturbed, and does not correlate with WT 
kinetics. Additionally we do see the formation of a strong smear however it is 
uncertain as to whether it represents that post-transition CatC* species or an 
over exposure of the gel. The smear does not seem to spread in an identical 
manner to that seen in the WT situation, perhaps suggesting that this smear 
represents an over-exposure of the gel. When the cells are released into the 
cycle and are prevented from forming a functional spindle due to the presence 
of nocodazole (Figure 27 B – top right) we see the formation of the CatC band 
with WT kinetics and the failure of this band to disappear, corresponding with 
a failure to produce a CatC* smear. This is exactly the same trend as we see in 
the WT condition. Again like the phospho-mimic strain there are minor 
differences compared with the WT (Figure 16) in the timings of events but at 
most these are only shifted by one timepoint.   
 
These results thus proved to be inconclusive. Our hypothesis was that these 
selective Cdc28 target sites would regulate the ability of Condensin to 
modulate the topological conformation of the chromatin structure. When we 
expressed the version of Smc4 with these selective residues mutated to 
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Aspartate, to mimic constitutive phosphorylation, we saw that in the presence 
of nocodazole no CatC* smear is formed (Figure 27 A – right), thus the strain 
is still unable to trigger the (+) supercoiling transition to the same degree as we 
see in the WT condition. The conclusion is that the phosphorylations of the 
Smc4 subunit at these selective Cdc28 phosphorylation sites is not the 
dominant factor required for the triggering of this process (i.e. is not sufficient 
to bypass the requirement of the functional spindle in this process). 
Furthermore when we expressed the version of Smc4 where these identified 
Cdc28 target sites had been mutated for the residue Alanine to create a 
phospho-null mutant, the strain appears to maintain the ability to enact the (+) 
supercoiling transition to a degree (although perhaps not at a level equal to that 
seen in the WT condition) when arrested at the metaphase to anaphase 
transition due to the depletion of Cdc20 (Figure 27 B – left). However we 
appear to see a delay in the dynamics of the transition when compared with the 
WT condition. This perhaps suggests that although the phospho-null mutant 
permits the (+)-supercoiling transition, these phosphorylation play a partial role, 
indicating that there may be some level of redundancy in the cells ability tot 
trigger the (+) supercoiling transition.  
 
Importantly the same strain was not used in glucose to analyse the effect of 
galactose addition alone. 
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A) SMC4 PHOSPHOMIMIC 
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B) SMC4 PHOSPHO-NULL 
 
 
 
 
Figure 27 - Effect of Smc4 phosphorylation state on the (+) 
supercoiling transition 
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A) When released from G1 arrest and permitted to form a functional 
spindle, we see formation of a CatC dimer species in a manner 
similar to the WT situation, however the loss of this species and 
subsequent recovery of the CatC* smear appears to occur in a 
reduced and delayed manner when compared to the WT situation 
(Figure 16). When formation of spindles is prevented no (+) 
supercoiling transition is seen. Shown below the gels are the 
quantification for the CatC and CatC* species. This was done to 
analyse whether there was any important outcome that was 
difficult to visualize directly from the gel. The trends seen in the 
quantification mirror that seen in the WT conditions shown in 
Figure 16.  
B) The result seen in the Phospho-null mutants mirrors the phospho-
mimic mutant result seen in panel A. Again the gel quantification 
graphs for the CatC and CatC* dynamics mirrors that seen in WT 
conditions (Figure 16) for the transition.  
 
 
To be clear as to the outcome of this assay it will be important to follow up 
this experiment by running 2-dimensional gels as shown in figure 19. This will 
allow us to see whether the monomer plasmids are experiencing any alteration 
in their supercoiling state as a result of the expression of these phospho-
mimetic / phospho-null mutants.   
 
Along a distinct line of thought, we decided to assay the dependency of the 
(+) supercoiling transition on the ATPase activity possessed by the complex in 
the SMC2/4 globular head domains. A recent study has previously reported that 
the S. cerevisiae Condensin complex is capable of altering the chiral 
conformation of DNA in a (+) direction, albeit in a fashion devoid of 
alterations in the supercoiling state of the plasmids (to achieve this situation the 
authors demonstrated that the Condensin complex was capable of altering the 
range of topoisomers in this situation, by altering the Lk). Importantly it was 
shown that this (+) chiral modification function of the Condensin complex was 
independent of the ATPase function of the complex (Stray et al., 2005). While 
this study was carried out in vitro we thought it important to ascertain whether 
or not the (+) supercoiling transition we see in vivo is a function of the ATPase 
activity of the complex, or indeed whether it was mediated in a distinct manner. 
To assess this probability we created a mutated version of the SMC4 gene, in 
which the ATPase activity of the subsequently transcribed protein would be 
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impaired. To impair the ATPase function of the protein we inserted disruptive 
mutations in the ABC signature motif (S1324A/G1326I), as has been 
previously described by (Stray and Lindsley, 2003). This mutant was dubbed 
smc4sig and placed under control of the GalS promoter (Genecust©). This 
construct was then cloned into the integrative plasmid vector pRS404, allowing 
us to target it into the genome at the TRP1 locus, in the strain Top2-td Cdc20-
td pRS316 by digestion of the vector with EcoRV. Upon attaining the 
successfully transformed strains we used the same protocol as that described in 
Figure 25. Once the cells were arrested in G1 using addition of the mating 
pheromone Alpha factor the degrons were triggered by addition of Galactose 
and Doxycycline, and the temperature was shifted to the non-permissive 
temperature (37oC). These conditions would also have allowed for expression 
of the smc4sig mutants, and the cultures would be subsequently released into 
the cycle, with one eventually arresting due to the presence of nocodazole and 
the other arresting at the metaphase to anaphase transition due to the depletion 
of Cdc20. The results for this assay are shown in Figure 28. 
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A) 
 
B) 
 
Figure 28 - Role of the Smc4 ATPase activity in triggering the (+) 
supercoiling transition 
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A) In both cases appearance of the CatC dimer species is seen to occur 
with identical kinetics with that seen in WT conditions, at the 40 
minutes post release timepoint (Figure 16). When cells are permitted to 
form functional spindles (left) we see the intensity of the CatC dimer 
band diminish and the appearance of a smear corresponding to the 
post-transition CatC* dimer species (at approx. 80 mins post release). 
When cells are prevented from forming function spindles (right), no 
reduction in CatC intensity is seen and no smear corresponding to the 
CatC* species is recovered for the duration of the assay.  
B) Shown is the quantification of the gels in A). Left is the full intensity 
profile for the CatC, OCm, CCCm and CatC* plasmid species. Right is 
the comparison graphs between the two situations (Spindles vs no 
spindles) for the intensities of the CatC* (left top) and CatC (left 
bottom) plasmid dimer species.  
     
 
 
In Figure 28 the (+) supercoiling shift we have observed at the metaphase 
to anaphase transition can be seen to occur when cells are arrested at this phase 
of the cycle due to the lack of Cdc20 (Figure 28 A left). The CatC band can be 
seen to appear at the 40-minute timepoint and gradually weaken in intensity 
from that point. A smear corresponding to the formation of the CatC* post 
anaphase dimer species can be seen to appear at roughly the 80 minute 
timepoint (gel is quite overexposed so its not obvious at exactly which 
timepoint this event beings). These dynamics show the same trend as the WT 
conditions (i.e. when no Smc4(sig) is expressed) – compare with Figure 16. 
Additionally cells unable to form functional spindles are incapable of 
accomplishing this topological alteration (Figure 28 A right). In this instance 
we see formation of the CatC (pre-anaphase) dimer band at the 40-minute 
timepoint as before, and the intensity of this band is maintained for the duration 
of the experiment. Not CatC* smear is seen to appear in this condition (i.e. 
when the cells are incapable of forming functional spindles). Again the 
dynamics of the events appear to mirror closely the WT condition (Figure 16). 
The traces of the CatC and the CatC* intensities from the quantification of the 
gel (Figure 28 B) show that the same trend is enacted between this case and the 
WT condition (Figure 16).   
What is discernible is a small delay in the (+) supercoiling transition 
kinetics when compared with the WT condition (Figure 16 left); we see a smear 
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forming predominantly in the 80 – 100 minute timepoint and the CatC band 
reduction does not appear as complete as in the WT condition (Figure 16). This 
result may suggest that the ATPase function of the Smc2/4 proteins is not 
essential for this process, however it does play a partial role, such that when the 
ATPase activity is inactivated the result is the partial transition phenotype we 
observe in the figure. Again this result hints at some level of redundancy within 
this process.  
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3.7 Additional factors required for the (+) supercoiling transition 
 
While the Condensin complex was an obvious starting point for identifying 
key players in mediating the (+) supercoiling transition due to our previous 
finding that Smc2 is required for this process, we additionally sought to 
identify possible upstream, downstream, or indeed independent proteins that 
may additionally be capable of triggering this topological transition.  
 
One candidate gene we sought to analyse was CDC5. The rationale for the 
decision to investigate this protein was borne from a recent study, which 
demonstrated that the three non-Smc subunits of the Condensin complex are 
heavily phosphorylated in anaphase, following which they demonstrated that 
the polo-like kinase Cdc5 was the protein responsible for the vast majority of 
these phosphorylation events, both in vitro and in vivo. This Cdc5-dependent 
phosphorylation was subsequently shown to be directly involved in the 
regulation of the condensation at the rDNA loci at anaphase (St-Pierre et al., 
2009). Furthermore this study went on to demonstrate an up-regulation of the 
supercoiling activity of condensin when the complex was incubated in vitro 
with Cdc5 and Cdc28, as compared with the supercoiling activity of the 
complex incubated with only Cdc28. Previous to this finding we knew that 
Polo kinase, along with the related Polo-like kinases (S. cerevisiae has only one 
Polo-like kinase, Cdc5) are involved in the regulation of a diverse variety of 
mitotic events, and specifically regulate events relating to the segregation of 
sister chromatids; Cdc5 is responsible for phosphorylation of the Scc1 Kleisin 
component of the cohesin complex, thus inferring a significant level of 
regulatory control over the segregation process (Alexandru et al., 2001). This 
knowledge provided us with a solid line of evidence to suggest that Cdc5 was a 
good candidate for being a major player in the (+) supercoiling transition we 
observe at the metaphase to anaphase transition.  
 
To assay the role of the Polo-like kinase Cdc5 in this process we generated 
a temperature-sensitive mutant of the protein dubbed cdc5-1, which was 
inserted such that it replaced the endogenous protein in the strain Top2-td 
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Cdc20-td pRS316. Serial dilutions of the transformation strain were dropped 
onto YPD plates at both the permissive (25oC) and non-permissive (37oC) 
temperatures to ensure correct integration of the construct. Importantly 37oC 
alone is not sufficient to trigger the degrons, thus any temperature sensitivity 
detected is due to the integration of the cdc5-1 construct alone. This is shown in 
Figure 29. 
 
 
 
  25oC           37oC  
 
Figure 29 - Viability of the cdc5-1 mutant at the non-permissive 
temperature. (NB Cdc20 and Top2 degrons are not activated due to the 
lack of UBR1 expression from the Gal-inducible promoter, thus result is 
due only to inactivation of Cdc5). Cells were dropped at a density od 1.0 
OD595 on the left and subsequent 10X serial dilutions progressing right.   
 
 
 
Following successfully obtaining the cdc5-1 mutant strains we carried out 
an assay identical to that outlined in Figure 25. In this case the temperature 
shift required to trigger the degrons would simultaneously inactive the Cdc5 
mutant, allowing us to progress from G1 to a nocodazole mediated arrest, or a 
Cdc20-td mediated arrest at the metaphase to anaphase transition. The results 
of this assay are depicted in Figure 30.  
 
 
Backg round
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A) 
 
B) 
     
C)  
 
Figure 30 - Role of Cdc5 in triggering the (+) supercoiling transition 
A) When released from G1 arrest and permitted to form a functional 
spindle (left), we see formation of a CatC dimer species in a manner 
similar to the WT situation (albeit delayed due to different release 
kinetics – see B), however we do not observe the subsequent loss of 
this species and recovery of the CatC* smear indicating successful 
triggering of the transition. When formation of spindles is prevented 
(right) no production of a smear corresponding to a CatC* dimer 
species is seen. 
B) FACS analysis showing release from G1 arrest was delayed compared 
to figure 16 
C) Repeat of assay in A, to confirm finding 
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From Figure 30 we can see that when the cells are arrested at the 
metaphase to anaphase transition, due to the depletion of Cdc20 (Figure 30 A – 
left), the cell is unable to trigger the (+) supercoiling transition in the absence 
of functional Cdc5; no loss of the CatC band is seen and no recovery of the 
CatC* smear is observed. Furthermore we see that when prevented from 
forming a functional spindle (Figure 30 A –right) the cell is unable to trigger 
the (+) supercoiling transition in the absence of Cdc5 (no change from WT 
condition). From this result we can say with certainty that the Polo-like kinase 
Cdc5 is essential for the cells ability to trigger the topological alteration seen at 
the metaphase to anaphase transition. Whether or not this is due to the cells 
inability to phosphorylate the non-Smc subunits of the Condensin complex as 
we have suggested previously, or indeed the timing of this process, is still 
unknown.  
 
 
Further to the discovery that the Polo-like kinase Cdc5 is essential for the 
cells ability to trigger the (+) supercoiling transition, we decided to analyse 
whether overexpression of Cdc5 may be able to trigger this topological 
alteration in situations where it would otherwise be unable to occur. Given its 
contribution to a sizable number of mitotic processes, the obvious assumption 
is that Cdc5 is present prior to the (+) supercoiling transition seen at the 
metaphase to anaphase transition, and perhaps requires a degree of activation 
before becoming capable of instigating this process. We hypothesized that by 
flooding the cell with Cdc5 (under the control of an inducible promoter) any 
minor activity / ability the protein may have to trigger this (+) supercoiling 
transition prior to this apparent function-specific ‘activation’ may become 
amplified such that we can induce this topological shift to occur artificially. To 
do this we created a construct with the CDC5 gene, tagged with a 3HA epitope 
tag, under the control of the galactose inducible promoter. This construct was 
cloned into the centromeric plasmid vector pRS414 (Genecust©). This vector 
was then transformed into the strain Top2-td Cdc20-td pRS316. Following the 
retrieval of successfully transformed clones (confirmed by Western blot against 
the epitope tag HA – shown in Figure 31) we were able to repeat the protocol 
for the assay outlined in Figure 25, resulting in cultures arrested in two 
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conditions, one at the metaphase to anaphase transition due to the depletion of 
Cdc20, and one at the SAC due to the presence of the microtubule 
depolymerizing drug nocodazole, and the resulting failure to firm a functional 
spindle. In this situation, upon addition of Galactose to 2% in G1, to trigger the 
depletion of the degrons, we would also observe expression of the Cdc5-3HA 
construct. The results for this assay are shown in Figure 31.    
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A) 
 
B) 
 
        
Figure 31 - Effect of Cdc5 overexpression on the (+) supercoiling 
transition 
A) Western blot analysis of 3 clones of the transformation of Top2-td Cdc20-
td pRS316 with the Genecust construct Gal-Cdc5-3HA.  
B) Top2-td Cdc20-td Gal-Cdc5 pRS316 cells were released from G1 arrest in 
the absence of Top2 or Cdc20, and with induced expression of Cdc5. The 
appearance of the CatC band occurs at the 40 minutes timepoint (as seen in 
the WT conditions) showing that entry into S-phase is unperturbed in these 
conditions. When allowed to form a functional spindle (left) we observe a loss 
in the intensity of the CatC band and the appearance of the smear 
corresponding to the CatC* species at the 80 minute timepoint, as in the WT 
condition (Figure 16). When formation of a functional spindle is perturbed 
(right) we do not see loss of the CatC band and no CatC* smear 
corresponding to the post-anaphase dimer species is obtained. Fluorescence-
activated cell sorting analysis of DNA content is included to show that cells 
cycled with identical kinetics. 
RESULTS: Factors Involved in Mediating (+) Supercoiling Transition 
 142 
The assay (Figure 31) demonstrated that in the presence of Cdc5 
overexpression the effect on the supercoiling state of the dimers is unchanged 
from the effect seen in when Cdc5 overexpression is not triggered; CatC dimers 
are seen to form in the 40 minute timepoint however when allowed to form 
function spindles the CatC* dimers appear (80 minutes) and when prevented 
from forming functional spindles the CatC* dimers are absent for the duration 
of the experiment.  
The assay thus demonstrated that we were unable to artificially trigger the 
(+) supercoiling transition by overexpression of the Cdc5 protein. As is shown 
in the arrest at the metaphase to anaphase transition, the (+) supercoiling 
transition occurs as it would without overexpression of the GAL-CDC5-3HA 
construct. In the culture arrested by the addition of nocodazole, where we 
normally would not expect to see the (+) supercoiling transition, 
overexpression of Cdc5 is not sufficient to trigger the (+) supercoiling 
transition. We suggest at this point that perhaps Cdc5 requires a modification to 
trigger a ‘function-specific’ activation of the kinase, however this is merely 
speculation at this point and will require further investigation.  
 
A second candidate gene tested was the Aurora Kinase IPL1. The rationale 
for the decision to assess the role played by Ipl1 in the (+) supercoiling 
transition was derived predominantly from its ability to phosphorylate non-Smc 
Condensin complex subunits, and its cellular requirement until telophase 
(Nakazawa et al., 2011). It has been demonstrated in the yeast model organism 
Schizosaccharomyces pombe (S.pombe) that the sole Aurora-B-like kinase 
within this model organism, Ark1, is required continuously until telophase. 
Additionally this study demonstrated that the non-Smc Condensin subunit 
Cnd2 (homologue in S. cerevisiae is Brn1) is one of the phosphorylation targets 
of Ark1, and this targeted phosphorylation was shown to occur throughout 
mitosis (Nakazawa et al., 2011). Furthermore this paper demonstrated that 
mutation of the target sites of the Cnd2 protein to Alanine residues (unable to 
accept phosphorylations) yielded mitotic defects during anaphase. Given that 
we know the Condensin complex to be responsible, either directly or indirectly, 
for the cells ability to trigger this alteration in the topological state of the 
chromatin, and that the polo-like kinase Cdc5, whose role it is to phosphorylate 
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non-Smc members of the Condensin complex is additionally required for this 
ability, we decided to investigate whether Ipl1, the sole Aurora-B-like kinase in 
S. cerevisiae, plays a role in mediating this process.   
 
To assay the possibility of Ipl1 playing a role in mediating the (+) 
supercoiling transition, we generated a mutant allele dubbed ipl1-231, which is 
inactive upon shifting the temperature of the culture from 25oC to 37oC. This 
ipl1-231 mutant is characterised by the mutation D283N in subdomain IX of 
the catalytic domain (Biggins et al., 1999). This construct was directed into the 
genome to replace the endogenous IPL1 in the strain Top2-td Cdc20-td pRS414. 
Following confirmation of the temperature sensitivity of the transformants, we 
carried out the same protocol as that outlined in Figure 25. The results of this 
assay are depicted in Figure 32.  
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Figure 32 - Role of the Aurora Kinase Ipl1 in the (+) supercoiling 
transition 
 
Cells depleted of Top2, Cdc20 and with inactive Ipl1 kinase were released 
form G1 arrest into the cell cycle. In both situations (i.e. +/- Spindles) both 
cultures are seen to enter S-phase at the 20 minute timepoint with the full 
intensity CatC dimer band being seen at the 40 minute timepoint (slightly 
earlier than WT conditions, where the CatC band is seen to form only at 
the 40 minutes timepoint – Figure 16). When permitted to form functional 
spindles (left) we see a loss of the CatC band intensity from 80 minutes 
onwards, however we don't see a strong smear corresponding to the post-
anaphase CatC* dimer species; a small smear is seen in later timepoints 
running just below the OCm band. When prevented from forming 
functional spindles (right) the result appears identical to that seen in the 
WT condition (Figure 16). Fluorescence-activated cell sorting analysis of 
DNA content is included demonstrating identical kinetics between the two 
cultures.  
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As is shown in Figure 32, when spindles are allowed to form we see a loss 
in the intensity of the CatC dimer band, as we would expect if the plasmids 
were transitioning, however we do not recover a CatC* smear with the same 
intensity as that seen In the WT conditions (Figure 16). A small smear does 
appear in the later timepoints (80 minutes onwards) but this runs slightly lower 
than the CatC* smear seen in previous assays.  
It is possible that this low intensity smear does correspond to the CatC* 
dimer species, in which case the (+) supercoiling shift we have observed at the 
metaphase to anaphase transition can be seen to occur to a small degree when 
cells are arrested at this phase of the cycle due to the lack of Cdc20, while 
additionally cells arrested in nocodazole are unable to accomplish this 
topological alteration. Importantly this result has yet to be repeated and 
consequently additional runs and further analysis using 2 dimensional gel 
techniques will be required to confirm this result and thus the identity of this 
smear. 
If this smear does represent the (+) supercoiled CatC* dimer species, ten 
what is discernible is a delay in the (+)-supercoiling transition kinetics when 
compared with the WT condition in addition to a much reduced smear intensity 
indicating the CatC* population. This result would suggest that the Ipl1 
function is not essential for this process, however it does play some partial role, 
such that when inactivated the result is the partial transition phenotype we 
observe in the figure.   
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3.8 Catenated DNA is sufficient to impair faithful sister chromatid 
segregation  
 
In this section I aimed to investigate whether in the absence of a (+)-
supercoiling transition and consequently in the presence of a highly catenated 
genome, faithful sister chromatid segregation is impaired. If the cells are 
incapable of dividing their DNA complement proficiently in the presence of a 
high number of catenated nodes, then the (+)-supercoiling transition gains 
significant credence. In contrast, if the cells are capable of segregating their 
genome proficiently even in the presence of catenations, then one might 
propose that the supercoiling transition seen is merely an evolutionary relic. 
This could be a possibility, as primitive prokaryotes maintain their genome as 
naked DNA, and as such one could suggest that these genomes are subject to 
significantly more complex topological states and consequently require a force 
to direct Top2 activity.  
 
One might imagine that following cleavage of Cohesin and upon 
application of force from the mitotic spindle, any remaining catenations at the 
metaphase to anaphase transition will simply be displaced to the distal regions 
of the chromosomes as the centromeres get further apart, before eventually 
these intertwines ‘fall off’ the ends of the chromosomes allowing the sisters to 
segregate competently to the poles of the dividing cell. Indeed there is evidence 
for displacement of helical tension at distal chromosomal regions, suggesting 
that these regions may not be as topologically restricted as we envisage (Joshi 
et al., 2010). Importantly were this the case then the finding of a topological 
transition that directs the action of Topoisomerase II towards decatenation, over 
supercoil relaxation, becomes insignificant as the cell has no express need to 
remove all of the remaining catenations at the point of sister chromatid 
segregation. We stress that mechanically displacement of catenated nodes from 
the ends of the separating chromosomes would be highly unlikely due firstly to 
the large size of chromosomes and additionally due to the fact that 
chromosomes are tethered at many points along their length to cellular 
structures, and in particular the telomeric regions are tethered to the nuclear 
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envelope (Taddei et al., 2005), a structure which does not break down in yeast 
(Gonzalez et al., 2009).  
If it is the case that upon segregation of sister chromatids, persisting 
catenated nodes are not able to become displaced off the ends of the 
segregating chromosome, then this add significant importance to the (+) 
supercoiling transition, as a system will be required absolutely to ensure the Lk 
is reduced to 0, otherwise the cell will suffer an aberrant anaphase.  
 
To assay whether this is the case we used the strain Gal-TEV TetO::URA3 
TetR-GFP MetCdc20, with or without the associated TEV recognition site 
inserted into the Scc1 kleisin component of Cohesin (SCC1TEV268), and with 
or without the temperature sensitive mutant on Top2 dubbed top2-4. This strain 
allows us to follow chromosome tags using cytological methods during 
chromosome segregation in differing conditions.  We used the TetO / TetR-
GFP system to tag cells at the URA3 locus, located around 116kb from the 
centromere on the short arm of chromosome V. This locus places the tag in a 
fairly centromere proximal location, giving us a decent readout of the 
segregation dynamics of such regions throughout the genome. Additionally the 
strain used here has the TEV protease under control of the inducible GAL 
promoter, and TEV recognition sequences inserted into the Scc1 kleisin 
component of the Cohesin complex. This system allows us to trigger 
dissolution of chromatin associated Cohesin and in doing so gives us control 
over when to remove sister chromatid cohesion mediated by this complex.  
 
The protocol used in the initial assay carried out was to first arrest the cells 
in a nocodazole induced G2/M arrest, while simultaneously repressing 
expression of Cdc20 by addition of 10mM methionine. Once the cells were 
arrested the temperature was shifted to the non-permissive temperature for 
top2-4 following which the cells were released from the nocodazole induced 
arrest and permitted to arrest at the metaphase to anaphase transition due to the 
repression of the Cdc20 gene. Once this arrest was attained galactose was 
added to induce expression of the TEV protease and subsequent cleavage of the 
Scc1 (where the TEV recognition site had been inserted), and the dynamics of 
segregation in differing conditions was followed as displayed in Figure 33. 
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This protocol allowed for the artificial cleavage of the Scc1 Kleisin component 
of the Cohesin complex and subsequent removal of Cohesin mediated cohesion 
in two situations, one where Top2 was inactivated prior to the (+) supercoiling 
transition (strain containing top2-4), and another where Top2 had been present 
in its active form during the (+) supercoiling transition (strain with WT Top2). 
Thus in the strain with active Top2 during the topological transition, any 
persisting catenations will have been resolved immediately following this 
topological shift, whereas in the strain where Top2 had been inactivated during 
the topological transition catenations will not have been resolved and 
consequently will still be present at the point that the Cohesin complex is 
artificially removed following expression of the TEV protease. In summary, in 
the top2-4 strain segregation will be attempted with catenations present while 
in the strain without top2-4 normal segregation should occur. Alongside both of 
these situations, a control was run, whereby TEV protease is expressed in strain, 
which lacks the recognition sequence for the enzyme, and thus the Scc1 Kleisin 
component of the Cohesin complex should not be cleaved by the TEV protease. 
Therefore we predicted that by using this assay we would be able to ascertain 
whether or not catenations persisting into anaphase have any effect on the 
dynamics of sister chromatid segregation.  
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Figure 33 - Ability of persisting catenated nodes to interfere with 
proficient sister chromatid segregation 
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Cells were arrested at G2 arrest (T=0) by additional of nocodazole. Once 
arrested the temperature was shifted to 37oC (non-permissive for top2-4) for 
30 minutes. Following this cells were released to a Cdc20-td mediated arrest. 
30 minutes following nocodazole wash-off, Galactose was added to induce 
expression of the TEV protease. Gal Addition represents T=0. 2 fields of cells, 
containing a minimum of 50 cells were counted for each timepoint  
A) Cells permitted to go through the (+) supercoiling transition with active 
Top2 (Scc1-TEV) segregate with the highest efficiency reaching >80% of cells 
having 2 distinct foci. When Top2 is inactive during the (+) supercoiling 
transition (Scc1-TEV + Top2-4) this segregation efficiency is reduced.  
B) The average distance seen between foci is significantly reduced at both the 
6-0 minute timepoint and the 120 minute timepoint in the strain where Top2 
is inactive during the (+) supercoiling transition (Scc1-TEV + Top2-4).    
C) Example cells in both conditions 
 
NB This experiment has been performed only once.   
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In Figure 33, segregation appears to be most efficient when Topoisomerase 
2 is present in its active form following the (+) supercoiling transition (i.e. in 
the Scc1-TEV strain). When Top2 is inactivated prior to the (+) supercoiling 
transition seen at the metaphase to anaphase transition, we observe nearly 20% 
fewer cells achieving the 2 foci state, representative of the segregation of the 
chromosomes.  
Thus in the condition where the cells trigger the (+) supercoiling transition 
in the absence of functional Topoisomerase II, the cells exhibit a reduced 
ability to segregate in an equally competent manner to that displayed by cells 
going through the topological transition with functional Topoisomerase II. We 
see a reduced proportion of cells able to attain two distinct TetR-GFP foci up to 
two hours following expression of the TEV protease construct when 
catenations are present in the genome, compared with the proportion of cells 
attaining this phenotype when active Topoisomerase II is present during the (+) 
supercoiling transition, and thus the genome is catenane free. Additionally we 
can see a reduction in the average distance between the 2 TetR-GFP foci in the 
case where the cells trigger the (+) supercoiling transition in the absence of 
functional Topoisomerase II and thus attempt anaphase while catenations still 
persist throughout the genome (Figure 33 B).  
 
Following on from this initial assay we decided to perform a more 
thorough time course, and plot the average distance of the two TetR-GFP foci 
from the point of Galactose addition and subsequent removal of Cohesin 
mediated cohesion by TEV protease until the end of the cycle. This assay was 
carried out in two strains, one representing a situation where the (+) 
supercoiling transition has occurred in the presence of active Topoisomerase II, 
and one where Topoisomerase II was inactived during this (+) supercoiling 
transition. Thus (using our previous data in Figure 24 and knowledge from 
(Baxter et al., 2011)) we have a situation where upon cleavage of the Scc1 
Kleisin component of Cohesin and subsequent removal of Cohesin mediated 
cohesion, one strain will attempt to segregate a genome in which catenated 
nodes still persist, while in the second strain these intertwines will have been 
resolved. This assay was carried out using only the strain containing the top2-4 
mutation described in Figure 33. To achieve these two situations, once 
RESULTS: Factors Involved in Mediating (+) Supercoiling Transition 
 151 
exponential growth phase was reached the culture was split, with both cultures 
resuspended in media containing Methionine, however with one culture also in 
the presence of the microtubule depolymerizing drug nocodazole. Upon cell 
cycle arrest both cultures were shifted to the non-permissive 37oC, and 30 
minutes later the culture in nocodazole was resuspended in media lacking 
nocodazole. 60 minutes post temperature shift Galactose was added to both 
cultures and the time course was started. The results are shown in Figure 34. 
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Figure 34 - Dynamics of sister chromatid segregation with/without 
persisting genomic catenated nodes 
 
 
 
 
 
 
!" !" 
!" !" 
A) All cells displaying 2 foci are counted as having segregated (as in 
Figure 33). We see that the strain in which the (+) supercoiling transition 
occurs in the presence of active Top2 is able to achieve the 2 foci 
phenotype earlier and to a greater degree that the strain in which Top2 is 
inactived prior to the (+) supercoiling transition.  
Panels B-D) The percentage of cells attaining variable levels of foci 
separation were scored to track the segregation dynamics. We can seen 
that in the strain where Top2 is inactive during the (+) supercoiling 
transition all stages of segregation are delayed when compared to the 
strain with Top2 active fore the (+) supercoiling transition. Additionally 
D) shows the same failure of the Top2 deficient strain to achieve full 
segregation (as compared with the active Top2 strain).  
All GFP foci scored are located at the URA3 locus on ChrV – roughly 
located in the middle of the chromosome arm. Foci close represents Foci < 
0.3 AU from each other, Partial segregation represents Foci 0.3 – 1.0 AU 
from each other, Full segregation represents Foci > 1.0 AU from each 
other.  
This experiment has been performed only once.      
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This assay shows that when Top2 is inactivated prior to the (+) 
supercoiling transitions, the short arm of chromosome V has a delayed 
segregation phenotype and a failure to achieve the same level of full 
segregation than does the strain where Top2 is present during the (+) 
supercoiling transition.  
While this assay does support our initial hypothesis, which states that 
catenations persisting throughout the genome during anaphase have the ability 
to impair faithful sister chromatid segregation, the differences seen between the 
two cases (i.e. segregation dynamics in the presence of catenation vs that seen 
in the absence of catenations) are not large. Having analysed the approach used 
we decided this could be down to the choice of location for the insertion of the 
TetO sequences within the genome. In the assay displayed in Figure 33 and 
Figure 34 we had inserted the TetO sequences within the URA3 locus on the 
short arm of Chromosome V (middle of the chromosome arm). Following on 
from the initial assay we decided that this location was not the best insertion 
point to maximize the possible outcomes of the assay. This may be due to the 
fact that the longer the chromosome arm the more likely it is to have persistent 
catenated nodes, and the number of nodes is likely to be higher. The length of 
the short arm of chromosome V is not representative of the genome as a whole, 
and one might predict that it may be possible upon entry into anaphase very 
few, if any catenated nodes on this arm remain unresolved. Additionally upon 
movement of the chromosomes as they are aligned it might be possible to 
displace catenated nodes from the end of the arm due to its very short length 
(this is speculation).  
Additionally it is possible that upon application of force from the spindle, 
catenated nodes may become displaced towards more distal regions of the 
chromosome arm (as these nodes are topological structures and so not fixed to 
any specific point of the chromosome). Were this the case then one might 
predict that regions close to the centromere may appear to segregate to a much 
higher degree than more distal regions in the presence of catenated nodes, as 
these may become increasingly displaced from the centromeric loci.  
These arguments may go some way towards explaining why the 
differences seen between the top2-4 and WT top2 in the assay displayed in 
Figure 33 and Figure 34 are not large (i.e. overall difference in apparent 
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segregation appears to be around 20% between the two situations at the 
terminal timepoints).  
 
To answer the possibility that our data may have been biased by the 
selection of the URA3 locus on the short arm of chromosome V for the TetO 
insertion, we constructed two additional strains. In these strains TetO 
sequences were inserted on the long arm of chromosome IV (one of the longer 
chromosome arms within the S. cerevisiae genome), 448 kilobase pairs from 
the centromere of one strain (centromere proximal) and 1513 kilobase pairs 
from the centromere of the second strain (centromere distal).  
There also appears to be a low segregation efficiency seen using the TEV 
protease system in the previous assay (i.e. when unperturbed by persistent 
catenations in the genome). Upon induction of TEV protease expression we 
saw approximately 80% cells attaining the full segregation phenotype, and in 
the strain where the Scc1 component of Cohesin lacked the TEV protease 
recognition site, we still saw approximately 50% of cells with segregated foci 
two hours following induction of TEV protease expression. To counteract this 
we decided to employ a different approach in the hope it would prove a better 
system. In the following assay the strains contained a modified, temperature 
sensitive mutant of Scc1, dubbed scc1-73. To perform this assay, these cells 
were arrested in G1 by addition of the mating pheromone Alpha factor. Upon 
attainment of the G1 arrest the cells were switched from 25oC (scc1-73 
permissive temperature) to 37oC (scc1-73 non-permissive temperature). 30 
minutes after this temperature shift the cells were released from the G1 arrest 
and followed through the cycle. Top2 is not temperature sensitive in this 
experiment. We will have two situations, one where cells are trying to 
segregate having been permitted the (+) supercoiling transition, and one where 
cells have been prevented form initiating this (+) supercoiling transition.  
We know from Figure 24 that the Scc1 Kleisin component of Cohesin is 
required for the (+) supercoiling transition at the metaphase to anaphase 
transition, and thus in this situation the cells will be unable to achieve this 
transition. Consequently we will reach anaphase with a catenated genome, 
following which we will be able to compare the different effect this has at both 
centromeric loci and telomeric loci.  
RESULTS: Factors Involved in Mediating (+) Supercoiling Transition 
 155 
It should be noted at this point, that the experimental rationale appears to 
be at odds with a previous study (Farcas et al., 2011), which suggests that 
Cohesin inactivation reduces catenated nodes. In this assay we are inactivating 
Cohesin in G1, and subsequently allowing the cells to pass through replication, 
during which catenations are introduced into the genome. As Cohesin is not 
present the (+)-supercoiling transition does not occur and so the base catenation 
level seen in a nocodazole mediated arrest is not resolved, thus the genome is 
catenated. This differs from the situation in the published study, as this study 
was examining plasmids. This is due to the fact that these plasmids are many 
orders of magnitude smaller than the endogenous chromosomes, and as a result 
the vast majority of catenations are resolved immediately following replication. 
Any catenations that remain to the point of anaphase are very few in quantity, 
and thus the significantly reduced catenation resolution activity of the Top2 
enzyme prior to the (+)-supercoiling is sufficient to resolve these. In the 
genome this is not the case and thus these remaining catenations can be 
examined for their ability to perturbed faithful sister chromatid segregation.  
The results are displayed in Figure 35 below.   
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B)         
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Figure 35 - Chromosome segregation at CEN Proximal vs CEN Distal 
sites of ChrIV 
Scc1 was inactivated in G1, following which cells were release into the 
cycle and GFP tags at either CEN proximal or CEN Distal sites were 
followed for chromosome segregation. This experiment has been 
performed only once.  
A) Nuclear segregation of cells (top) (as measured by formation of 2 
distinct DAPI bodies at T=140) was identical between the strains to be 
compared (i.e. TetO::448 vs TetO::1513) and (TetO::448 scc1-73 vs 
TetO::1513 scc1-73). Additionally scored was overall level of 
misegregation (bottom) as represented by cells containing only one 
GFP foci at T=140. While in the presence of functional Scc1 
misegregation is low (approx.. 20%) in both tags, when Scc1 is 
inactivated misegregation is much higher (approx. 50-60%).  
B) Photos displaying cell characterizations for counting.  
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Figure 36 – CEN proximal vs CEN Distal segregation in presence / 
absence of (+) supercoiling transition 
 
The results of this assay displayed in Figure 35 and 36 appear to support 
our hypothesis, which states that catenations in the genome persisting until the 
point of attempted chromosome segregation at anaphase are able to perturb this 
process. Firstly we can see from the analysis of the dynamics of nuclear 
Graphs comparing the average distance between foci of centromere 
distal and centromere proximal TetR-GFP foci in WT cells (left) 
and Scc1-73 cells (right) are shown. When Scc1 is present 
throughout the cell cycle and the cells are permitted to trigger the 
(+) supercoiling transition (left) segregation of the Centromeric tag 
occurs slightly earlier than the telomeric tag, however at the end of 
the cycle both achieve the same level of full segregation at approx. 
20 AU. When Scc1 is inactived in G1 and the cells are prevented 
from triggering the (+) supercoiling transition the overall 
segregation doesn't exceed approx. 10 AU, and there is a large 
difference between the telomeric and centromeric tag, with the 
telomeric tag achieving only 5 AU average segregation. 
This experiment was done one time, and therefore needs repeating 
to confirm finding   
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segregation (Figure 35 A top), that the arrival of the cells at the metaphase to 
anaphase transition and indeed their process into anaphase is similar between 
both the WT strains and between both the scc1-73 strains, thus they are 
comparable. To get a rough idea of the differences between the strains we then 
quantified the levels of misegregation seen in the strains in the penultimate 
time point (T=140) (Figure 35 A bottom), determined as a cell having two 
distinct DAPI bodies while only having 1 TetR-GFP foci. We see from the 
analysis of the levels of misegregation (i.e. the proportion of cells unable to 
segregate TetR-GFP foci to the poles of the dividing cell) that both the WT 
strains show approximately 20% misegregation, while the scc1-73 strains 
misegregate to a significantly higher level compared to the wt strains, as one 
would expect. Having demonstrated that the two strains within each of the data 
sets (i.e. wt and scc1-73) share very similar behaviors over the period of the 
time course, we went on to analyse the average distance between the two TetR-
GFP foci in each of the time points (Figure 36). This allowed us to see how the 
segregation of TetR-GFP foci inserted in both centromeric and telomeric loci 
compare, in both wt situations (i.e. where the (+) supercoiling transition would 
be permitted to occur and consequently the segregation of the genome would 
be free of catenated nodes) and in the condition where scc1-73 had been 
triggered in the previous G1 (i.e. and thus the cell would be unable to trigger 
the (+) supercoiling transition and the genome would remain catenated at the 
point of anaphase). As we can see when the cell is capable of triggering the (+) 
supercoiling transition (i.e. the WT Scc1 condition) the segregation dynamics 
of the TetR-GFP foci are very similar. The telomeric GFP tag does show some 
delay (in that the average foci separation distance is always slightly smaller 
than the centromeric loci for any given timepoint prior to T=130), but this is as 
one would expect given that the spindles pull from the centromere. By the 
ultimate time point both the centromeric tag and the telomeric tag strains have 
both achieved a very similar final segregation distance.  
In comparison when the cell is unable to trigger the (+) supercoiling 
transition (i.e. in the scc1-73 strains – Figure 36 right), the contrasting 
segregation dynamics between the centromeric and telomeric TetR-GFP foci is 
marked. Neither of these two strains are able to obtain a mature segregation 
phenotype, however we see that the telomeric tagged strain manages to achieve 
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only approximately half the average segregation distance than does the 
centromeric strains throughout the entire period of the time course. This would 
suggest that due to the cells inability to initiate the (+) supercoiling transition 
and thus remove catenated nodes completely from its genome, these catenated 
nodes are impairing faithful segregation of the sister chromatids to the poles of 
the dividing cell, and furthermore this effect is dramatically exacerbated at the 
telomeric regions of chromosomes, particularly in chromosomes with long 
arms.      
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3.9 Chapter Summary 
 
In this section we initially described our finding that the genome goes 
through an alteration in its topology, characterized as a shift from (-) to (+)-
supercoiling, at the metaphase to anaphase transition. We demonstrated that 
this shift is evident both in catenated plasmids, as well as in uncatenated 
monomer plasmid, thus indicating the genome wide nature of this phenomenon. 
Furthermore we showed that this topological transition is dependent on the 
presence of a functional Cohesin complex as well as the presence of a 
functional Condensin complex. A peculiar finding further to this was that 
inactivation of the Brn1 subunit of the Condensin complex does not completely 
inhibit the (+)-supercoiling transition from occurring, rather it yields a delayed 
or partial phenotype. Our attempts to identify the method of activation of the 
Condensin complex in regard to this topological transition yielded inconclusive 
results. Indeed a number of our assays appear to yield partial phenotypes, 
further reinforcing the possibility that the transition is triggered by a number of 
different pathways, such that inactivation of one does not totally inhibit the 
shift. We aimed to identify other proteins involved in triggering the (+)-
supercoiling transition (either through the already identified pathways or 
through independent pathways), and established that the polo-like kinase Cdc5 
appears to have a dominant role in triggering this effect. Ipl1 appears to play a 
partial role in triggering the (+)-supercoiling transition.  
 
We showed in this section that the presence of unresolved catenated nodes 
at the metaphase to anaphase transition inhibits faithful segregation of the 
genomic complement (Figure 36), and that in the absence of a (+) supercoiling 
transition the telomeric loci experience a larger segregation defect than do 
centromeric loci.   
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4 RESULTS: Condensin Localisation  
 
4.1 Objectives  
 
• To identify whether the (+) supercoiling transition seen to occur at 
the metaphase to anaphase transition is mediated / results in an 
alteration in the localisation of the Condensin complex throughout 
the genome.  
 
 
4.2 Approach 
 
Previously, the localisation of the Condensin complex within the genome 
has been described during both mitosis and G1. The study analyzing the 
localisation of the complex in these two conditions concluded that there was no 
detectable difference between the two conditions, and therefore suggested that 
the localisation of condensin is maintained in a constant manner throughout the 
cell cycle (D'Ambrosio et al., 2008). To attain these two conditions, this study 
used the mating pheromone Alpha factor to arrest cell cultures in G1, and the 
microtubule-depolymerizing drug nocodazole, to arrest cell cultures in 
metaphase. Immediately we decided that this situation was far from a solid 
model for the entire metaphase condition, as we demonstrated that a significant 
topological change occurs in the chromatin at the metaphase to anaphase 
transition, and this alteration is mediated in a Smc2 dependent manner, 
suggesting an important role for the condensin complex as a whole. Thus is 
would not be sufficient to state that the genome wide binding profile for the 
Condensin complex in S. cerevisiae is unchanged throughout the cell cycle 
based on only a nocodazole mediated metaphase sample, and an additional 
sample taken following the (+) supercoiling transition seen at the metaphase to 
anaphase transition would be required to justify the conclusions given by the 
authors. This secondary sample could be achieved by depleting the cell of the 
APC activator protein Cdc20.  
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Initially we sought to answer this question by performing a ChIP-qPCR 
(Chromatin Immunoprecipitation – qPCR) based protocol, specifically looking 
at the Condensin binding sites previously identified by the study mentioned. If 
we did not see a difference between the levels of Condensin complex 
enrichment at these sites using this ChIP-qPCR protocol, then we suggest it 
would be unlikely that the localisation of the Condensin complex would alter 
between the two states. If however we did identify variability between the 
levels of Condensin complex enrichment in these two situations then we would 
aim to perform a ChIP-seq experiment allowing us to analyse the Condensin 
complex enrichment genome wide. This would consequently permit us to 
conclude with certainty whether the localisation of the Condensin complex 
differs prior to and post (+) supercoil transition.  
 
 
 
 
4.3 Smc2 localisation alterations between pre- and post-(+) 
supercoiling transitions as analysed by ChIP-qPCR 
 
The identified sites of Condensin complex enrichment were denoted P1, P2, 
P3 and P4 by the previously mentioned study, and the locations of these sites 
are within chromosome V, as depicted in Figure 25 below. 
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Figure 37 - Condensin localisation on ChrV described by (D'Ambrosio 
et al., 2008) 
All of the sequence shown is on the long arm of Chromosome V. The 
centromere of the chromosome is at approx. 150Kbp, which is not 
shown. 
 
  
We contacted the authors to acquire the primers used in their ChIP-qPCR 
analysis, so that we could be sure our analysis would be comparable. The 
primer sequences used are displayed in Table5 below. The authors sent us an 
additional pair of primers for a supposedly Condensin free region denoted N3, 
which we used in our analysis in addition to the N1 and N2 primer pairs. At the 
same time as analyzing these regions (i.e. P1-4 and N1-3) we decided to 
analyse the varying levels of Condensin enrichment at a number of rDNA loci 
and the primer pairs used for those are also displayed in Table5. These 
additional rDNA loci were chosen, as previous studies have demonstrated that 
the Condensin complex is targeted to the rDNA loci during anaphase (Wang et 
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al., 2004), and furthermore the Condensin complex has been attributed specific 
roles in permitting the timely segregation of the rDNA loci (Freeman et al., 
2000). Due to the findings outlined in these studies we decided it would be 
interesting if we could identify any specific effect or alteration in Condensin 
enrichment between these two samples (i.e. pre and post (+) supercoiling 
transition) specifically at the rDNA loci.  
 
 
 
! !
5*%#+*',+L-+&3+'
5M'
N)*O"*4' 5’ GAAACCCTGGTTCGATTCTAGGAG 
P+Q+*0+' 5’ GCTCTCATGATCACCACATCTGAC 
57'
N)*O"*4' 5’ GTCTTGTGGGTCTTGGAAACAG 
P+Q+*0+' 5’ CAAAGTGTGGTGACTGTGGTAG 
5R' N)*O"*4'
5’ GTGATTCGGTAAACTCGCTTGC 
P+Q+*0+' 5’ GAAGAGGTCATCGGTTCGATTC 
58'
N)*O"*4' 5’ CCGTCAAGCTAAGTCTTGGAGAAG 
P+Q+*0+' 5’ CCTTAGGATTAGCGATGACACCAG 
JM' N)*O"*4'
5’ GCCATCTCTCTCTATGATCAGTCC 
P+Q+*0+' 5’ CGTTATCCTATCTTCACCAGAGGC 
J7'
N)*O"*4' 5’ GAGAATAGCAGACCAGTTCTACGG 
P+Q+*0+' 5’ CTCGAGGATGTAAAGACAGCAG 
JR' N)*O"*4'
5’ AGGGCACAACTAGATAAACAGCA 
P+Q+*0+' 5’ GGGCCATTTGCATTACCTCAGTCA 
*DJ2R'
N)*O"*4' 5' AAGCACGGTCACGCTAAAGT 
P+Q+*0+' 5' AGTGTCACCGTCCATGTTCA 
*DJ28'
N)*O"*4' 5' CTTTCTTTGGTGCCATTGGT 
P+Q+*0+' 5' TGGCAATGATACCAGCCATA 
*DJ2S' N)*O"*4' 5' GCAAGGGCTCCCTAGCTACT 
P+Q+*0+' 5' AATGCGTCTCCCTTGTCATC 
*DJ2MT'
N)*O"*4' 5' GAACTATCAAAGAATTAGGCTCTTCG 
P+Q+*0+' 5' AGCGCAAGTGGTTTAGTGGT 
 
Table 5 - Primer sequences used in the ChIP-qPCR analysis of Smc2-
6HA localisation 
 
 
 
 
These primer pairs were generated to analyse 4 previously 
confirmed Condensin binding locations, 3 previously confirmed 
Condensin free regions, and an additional 4 regions within the 
rDNA loci.   
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To perform the ChIP-qPCR protocol we epitope tagged the SMC2 gene in 
the strain Top2-td Cdc20-td pRS316 with 6HA, using the tagging system 
outlined in (Janke et al., 2004). This tag would be used to perform the Chip 
stage of the protocol against the Smc2 component of the Condensin complex. 
The cells were cultured in a manner identical to that described in Figure14. 
Following attainment of the two samples, southern blot analysis was carried out 
to ensure that the two obtained samples represented the two different chromatin 
conditions we require (i.e. one condition in which the (+) supercoiling 
transition has not occurred, and one condition in which the (+) supercoiling 
transition has occurred).  This control analysis is shown in Figure 38. 
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A) 
             
 
B) 
 
 
Figure 38 - ChIP-seq sample supercoiling state 
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We see from the blot shown in Figure 38 that the timepoint T=100 when 
cells are permitted to form functional spindles (left), that the CatC* smear is 
present, representing catenated dimers which have undergone the (+) 
supercoiling transition. Likewise we see in the sample where formation of 
spindles has been prevented (right) that this (+) supercoiling transition has not 
occurred (gel is overexposed however we can be confident in this conclusion as 
there is no smearing below the OCm band visible). Thus the two metaphase 
time points harvested from the cultures do accurately represent the two 
chromatin conformations we sought to create, that being, one prior to the (+) 
supercoiling transition, and one post (+) supercoiling transition. The time 
courses from the G1 arrest to the point of the metaphase to anaphase transition 
at around 80 minutes display identical plasmid topologies, showing that our 
treatment of both cultures was equivalent. Thus our two ChIP samples are 
comparable. 
Following this confirmation of the correct chromatin conformation within 
each sample, the ChIP-qPCR protocol was carried out against Smc2-6HA using 
the primer pairs previously described (this process was carried out by Dr. Raul 
Torres of the Cell Cycle Group, CSC). Two experiments were run from which 
A) Cells were released from a G1 arrest into a G2 arrest either due to the 
presence of nocodazole (right) or due to the depletion of Cdc20 (left). 
At 40 minutes the cells enter S-phase as shown by the production of 
the CatC band, and as in WT cells (Figure 16) this CatC band 
diminishes in intensity and we see the appearance of the smear 
corresponding to the CatC* species when cells are permitted to form 
functional spindles. Red boxes indicate the time points at which 
samples were harvested from the culture (i.e. T=PR and T=100) for 
ChIP-qPCR analysis. Analysis of the T=100 samples are shown in 
Figure 39. 
B) B) Quantification trace for the intensities of the CatC OCm CCCm 
and CatC* dimer species for the duration of the experiment.  
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duplicate qPCR’s were carried out. The results for this analysis are shown in 
Figure 39. 
 
 
 
Figure 39 - Smc2-6HA localisation using ChIP-qPCR 
 
    
 
 
 
 
 
 
 
 
The levels of Condensin complex enrichment at the four previously 
published regions of Condensin binding (P1, P2, P3, P4) shows significant 
variability (judged by the Standard error to the mean calculations) between the 
pre-(+) supercoiling transition sample and the post-(+) supercoiling transition 
sample. Interestingly the region denoted P1 (i.e. the most centromeric of the 
published Condensin binding sites regions) showed an increase in the levels of 
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Cdc20 represents cells that have achieved the (+) supercoiling transition, 
Nz represents cells that have been arrested prior to achieving this 
transition. The samples were taken from the T=100 timepoint as shown on 
Figure 38. P1-P4 represent previously published sites of Condensin 
enrichment on Chromosome V (P1 being the most centromeric and P4 
being the most telomeric). N1-N3 represent previously published 
Condensin-free regions on Chromosome V. Additionally shown are levels 
of Condensin enrichment at 4 locations within the rDNA loci. The samples 
were run in duplicate, from two different experiments to achieve this data. 
Error bars represent standard error to the mean. 
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Condensin enrichment post-(+) supercoiling transition, whereas by contrast P2-
P4 all showed a significant decrease in the levels of Condensin complex 
enrichment post-(+) supercoiling transition. This result strongly suggests that 
Condensin plays an important role in mediating the (+) supercoiling transition 
seen at the onset of anaphase. At the very least, this result demonstrates that a 
‘metaphase’ chromatin state is not a constant one, and therefore a metaphase 
block mediated by addition of nocodazole does not provide a suitable reference 
for a mitotic state, as suggested by (D'Ambrosio et al., 2008).  
 
We found that N1 and N2, supposedly representing Condensin free regions 
as stated in (D'Ambrosio et al., 2008), did display a level of Chromatin 
enrichment, although to a smaller degree than that seen in the P1-P4 pre-(+) 
supercoiling transition samples. Additionally this signal was not seen to alter 
between the pre- and post-(+) supercoiling transition, as did the signal seen in 
the P1-P4 samples. 
 
N3, which was not originally published by the authors was actually found 
to have a level of chromatin enrichment in the pre-(+) supercoiling transition 
state similar to that seen in P1, and following the onset of the (+) supercoiling 
transition this signal was seen to drop significantly. Thus N3 displays similar 
mitotic Condensin binding dynamics to that seen in P1-P4, and this may 
explain its exclusion by the authors as a region of Condensin binding.  
 
The four regions within the rDNA loci were seen to have consistent levels 
of Condensin binding between the pre- and post-(+) supercoiling transition. 
rDNA3, rDNA5 and rDNA6 showed significant Condensin enrichment, 
whereas rDNA4 turned out to have little Condensin enrichment in either the 
pre- or post-(+) supercoiling transition.  
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4.4 Smc2 localisation alterations between pre- and post-(+) 
supercoiling transition as analysed by ChIP-seq 
 
Our analysis of the Condensin complex binding pattern, using ChIP-qPCR, 
yielded strong evidence supporting the theory that the Condensin-binding 
pattern varies between samples harvested before the (+) supercoiling transition 
and samples harvested after the onset of this transition. Due to this we decided 
to expand our analysis of this phenomenon to look at the genome wide 
alterations in the localisation of the Condensin complex between these two 
conditions. To do this we decided to employ a ChIP-seq protocol.  
 
As in the previous analysis outlined in section 4.3, we harvested cells from 
cultures arrested pre-(+) supercoiling transition, by addition of the microtubule 
depolymerizing drug nocodazole, and post-(+) supercoiling transition, by 
depletion of the APC activator protein Cdc20 (in both cases cells were released 
to these respective G2 stage arrests from a G1 arrest mediated by Alpha Factor). 
It is important to note here that in the sample arrested pre-(+) supercoiling 
transition, Cdc20 is also depleted using the degron system, so as to ensure that 
the lack of Cdc20 is not responsible for differing results obtained from the two 
samples. Cells were cultured as outline in Figure 16. Following attainment of 
the two samples, southern blot analysis was carried out to ensure that the two 
obtained samples represented the two different chromatin conditions we require 
(i.e. one condition in which the (+) supercoiling transition has not occurred, and 
one condition in which the (+) supercoiling transition has occurred).  This 
control analysis is depicted in Figure 40. 
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A)  
 
 
B) 
 
 Figure 40 - Confirmation of (+) supercoiling transition in ChIP-seq 
sample 
 
 
 
 
 
 
 
(-) supercoiled dimer 
Pre-Anaphase (CatC)
Open circular 
   monomer 
      (OCm)
Covalently closed circular monomer / 
Supercoiled monomer (CCCm)
(+) supercoiled dimer 
Post-Anaphase (CatC*)
Cells were cultured in exactly the same manner as in Figure 16 (only in 
this assay Smc2 is tagged with 6HA).  
A) FACS analysis showing that the cells passed from the G1 arrest into 
the G2 arrest with identical kinetics.  
B) As can be seen cells enter S-phase at T=40, known by the 
appearance of the CatC dimers. When formation of a functional 
spindle is prevented the cells do not undergo a (+) supercoiling 
transition, and in contrast when a functional spindle is allowed to form 
the (+) supercoiling transition can be seen (formation of the CatC* 
smear seen at T=120 (left). The two red arrows indicate the timepoint 
at which samples were taken for ChIP-seq analysis of Smc2 binding 
(T=115).  
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The analysis of the progression of the two cultures through the cell cycle 
(Figure 40 A) shows clearly that they share very similar dynamics in terms of 
the time taken to reach and complete S-phase, and the time to become fully 
arrested in metaphase. Thus we can say form this analysis that the two cultures 
are comparable in terms of their cell cycle kinetics.  
Further to this, we can see from the southern blot analysis of the two 
cultures, that the time points at which cell were harvested for analysis of 
Condensin complex localisation represent well the two different chromatin 
states we were aiming to achieve (i.e. one pre-(+) supercoiling transition 
(shown by the presence of a CatC band and a lack of the characteristic CatC* 
smear – Figure 40 B right) and one post-(+) supercoiling transition (shown by 
the characteristic fading of the CatC band and the appearance of the CatC* 
smear – Figure 40 B left T=120). The time point taken for the sample 
representing the post-(+) supercoiling transition may be seen as having been 
taken slightly earlier than ideal, as only the southern blot sample taken post this 
ChIP-seq sample (i.e. T=120)shows a large shift in electrophoretic mobility 
characterised by the triggering of this (+) supercoiling transition. However as 
the sample taken for ChIP-seq was taken at T=115, meaning it is much closer 
to the T=120 sample (which had successfully triggered the (+)-supercoiling 
transition) than the T=100 sample, we predicted that the shift may have 
occurred to a sufficient degree, if not fully, to give us a reliable readout from 
the ChIP-seq run which would indicate whether our hypothesis is supported. 
This involved some guess work to an extent however due to time restraints we 
proceeded with the Chip-seq analysis. Because of this situation, a positive 
difference between the two samples would be indicative of a change in Smc2 
localisation due to the inset of the (+) supercoiling transition, however an 
identical output would not indicate a definite outcome and the experiment 
would need repeating. To definitively state that Condensin localisation is 
identical between the two different chromatin conformations.  
 
To perform the ChIP phase of the protocol, the samples harvested were 
processed using the ChIP protocol outlined in the methods section. Subsequent 
to obtaining the processed ChIP samples, library construction, sequencing and 
further processing (as outlined in Figure 41) were performed by Dr Takashi 
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Sutani, Assistant Professor, Institute of Molecular and Cellular 
Biosciences, The University of Tokyo, Japan. 
 
 
 
 
 
 
 
 
      Figure 41 - ChIP-seq protocol following initial Immunoprecipitation 
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The results of this ChIP-seq analysis are displayed in Figure30. 
Interestingly, contrasting the results we obtained from the initial ChIP-qPCR 
analysis, we did not see any major changes in the binding pattern of the 
Condensin complex throughout the majority of the genome. Specifically we 
saw no significant alteration in Smc2 enrichment at the regions denoted P1-P4 
in the previous ChIP-qPCR analysis.  
 
What we did observe was a striking alteration in the levels of enrichment 
of the Condensin complex at the centromere of every chromosome in the 
genome. Prior to the (+) supercoiling transition seen at the onset of anaphase, 
all of the centromeres display a large Smc2-6HA binding peak. Following the 
triggering of the (+) supercoiling transition the intensity of this Condensin-
binding peak is seen to be significantly reduced at every centromeric loci. The 
rDNA loci displays a significant Condensin complex enrichment in the pre-(+) 
supercoiling transition sample, and this binding pattern is unaltered following 
the onset of the transition. This observation mirrors the kinetics of Condensin 
complex binding at the rDNA loci that we observed using the ChIP-qPCR 
protocol in the previous section.  
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A) 
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B) 
 
Figure 42 - Smc2-6HA ChIP-seq pre- vs post-(+) supercoiling 
transition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A) Output from the Chip-seq analysis of the Smc2-6HA binding sites 
throughout the genome is shown. The only significant differences in 
Smc2 localisation detected were located at the centromeres of every 
chromosome, and so only the centromeric loci are shown in the figure. 
Only an enrichment in excess of 3-fold over the input values was 
considered significant in this analysis. The mid-line of each trace 
represents a 3-fold increase, with the top of the trace representing a 6-
fold increase over input. What is obvious from the data is the in the 
pre-(+) supercoiling transition state (nocodazole arrested) we see a 
large Smc2 enrichment at all the centromeres with a number even 
exceeding the 6-fold enrichment over input levels of the trace (i.e. Chr 
II, IV, VII, VIII, XII, XIII, XIV, XVI). 
B) Condensin binding at the rDNA is unaffected by the chromatin 
state  
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From the data we can see a significant enrichment of Smc2 loading at the 
centromeric loci in the pre-(+) supercoiling transition state (as mediated by 
addition of nocodazole). This enrichment in most cases is in the region of 6-
fold increase over the input values (6-fold represented by the top of the trace, 
with 3-fold enrichment being represented by the midline of the trace). NB only 
the centromeric loci are displayed as the rest of the chromosomes showed n 
significant difference between the two chromatin states. In contrast the samples 
representing the post-(+) supercoiling transition state (represented by arrest due 
to Cdc20 depletion) show vastly reduced Smc2 enrichment levels at these same 
centromeric loci; many of the post-(+) supercoiling transition centromeres 
show that any enrichment has fallen below even the 3-fold increase over the 
input which is our threshold level for significant enrichment.  
These data clearly show that at centromeric loci, the binding pattern of the 
Condensin complex (as represented by the ChIP experiments performed against 
the tagged Condensin subunit Smc2-6HA) is altered between the sample 
harvested prior to the (+) supercoiling transition and post-(+) supercoiling 
transition. Whether this alteration in the pattern of Condensin binding occurs as 
a result of other processes that trigger this topological alteration, or whether the 
change in Condensin binding is itself a marker of Condensin’s role in 
triggering this topological alteration is not confirmed by this analysis alone. 
However when taken together with the results from chapter 3, which show the 
cells requirement for the Condensin complex, these data provide significant 
support for the hypothesis of the Condensin complex being a key player 
involved in mediating the onset of the (+)-supercoiling transition seen at the 
metaphase to anaphase transition.  
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4.5 Chapter Summary 
 
In this section we sought to identify whether the Condensin complex 
(already shown to play a major role in the mediation of the (+)-supercoiling 
transition) exhibits alterations in its chromosomal localization following the 
onset of the (+)-supercoiling transition. We performed both a ChIP-qPCR and a 
ChIP-seq protocol, and in both assays identified changes in the localization of 
the Condensin complex following the onset of the (+)-supercoiling transition. 
The ChIP-seq assay demonstrated that the most significant change in 
Condensin localization occurs at the centromeres, where the levels of 
enrichment of the complex fall dramatically following the (+)-supercoiling 
transition. Given previous reports of centromeric specific histones having the 
ability to induce positive supercoils, this finding may prove to be significant. 
Further analysis of the importance of this shift in Condensin loading dynamics 
is yet to be performed, however we have demonstrated that an arrest mediated 
by addition of nocodazole does not constitute a genomic condition 
representative of the entire mitotic phase, as has been previously suggested in 
the literature.    
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5 RESULTS: Analysis of Topoisomerase II 
Decatenation / Concatenation Activity  
 
5.1 Objectives 
 
• To test whether the S. cerevisiae Type II topoisomerase Top2, has 
the ability to concatenate (introduce catenations) DNA plasmids in 
vivo in addition to being able to decatenate previously catenated 
plasmid dimers / multimers. 
 
 
5.2 Approach 
 
S. cerevisiae Top2 is well characterised as being the major effector of the 
cell in regards to decatenating sister chromatids prior to anaphase to ensure 
proficient sister chromatid segregation. A number of studies have additionally 
demonstrated in vitro, that Top2 has the ability to introduce catenations into 
systems containing only plasmid monomers, given a specific set of conditions 
(i.e. regarding salt concentrations, availability of additional compounds etc.). 
Additionally we have previously demonstrated that the cell triggers a 
topological alteration in its genome, characterised as a shift in supercoiling 
state from (-) supercoiling to (+) supercoiling, albeit in a transient fashion 
(Figure 19). We ascertained that the purpose of this topological alteration is to 
direct the activity of the Top2 enzyme towards decatenation, and away from its 
other functions such as supercoil relaxation (Figure 21). Were it to transpire 
that Top2 had the ability to concatenate the genome prior to this (+) 
supercoiling shift, this finding would attribute significant importance to the role 
of this topological alteration seen at the metaphase to anaphase transition; If 
Top2 is able to concatenate the genome prior to the shift, then the genome 
would more likely be heavily catenated at metaphase, as oppose to the situation 
if any catenations present were merely ones which had been formed in S-phase 
and had evaded resolution to this point. Thus the presence of a driving force for 
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catenane removal and away from catenane introduction becomes more essential, 
than one might predict if the shift was merely a method of enhancing catenane 
resolution.  
 
Previous to the work carried out in this thesis, we were only able to 
visualize catenated plasmid dimers in vivo using systems in which Top2 is 
either inactive or depleted prior to S-phase. This is due to the fact that these 
catenated plasmids dimers are in low quantities compared to the size of the 
genome, and while catenations are able to persist in the genome from S-phase 
up to the metaphase to anaphase transition, the plasmids are sufficiently small 
for Top2 to decatenate all plasmid dimer species almost immediately following 
their creation at S-phase (It is important to stress that the plasmid does not 
represent a better substrate than the genome, and in doing so out-compete it. 
Rather it is small and so is generate with significantly less catenated nodes, 
thus the probability that they will all be resolved following S-phase is 
significantly higher than the probability that all of the catenated nodes in the 
genome will be resolved). Thus in systems where Top2 is active during and 
after S-phase we have previously been unable to visualize plasmid dimers. This 
poses an obvious problem with regard to the current question. To be able to 
analyse the possibility of Top2 being able to concatenate DNA plasmids to 
form dimers, we require the presence of Top2, thus our previous protocols for 
visualizing plasmid dimers (the vast majority of which will have been formed 
as a direct result of replication of the vector) are unsuitable.  
 
Recently a study described a new method whereby visualisation of 
catenated plasmid dimer species is possible even in the presence of active Top2 
(Farcas et al., 2011). This method required the sample size to be in the region 
of 100OD (100ml of 1OD595) of cells. These samples are then spheroplasted 
and subsequently osmotically lysed to obtain intact chromatin from the cells, 
and this is then spun on a sucrose gradient to obtain fractions that would have 
dimer species relatively enriched compared with the vast quantities of 
monomers, thus allowing these species to be visualized on a southern blot. 
Using this technique it is possible to visualize all three species of the plasmid 
dimers (i.e. CatA, CatB and CatC as explained in Figure 17). The output from 
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this technique is shown in Figure 43 along with an analysis (carried out by 
(Farcas et al., 2011)) demonstrating how each band was identified using 
restriction enzyme digests (including a nicking enzyme) along with an 
incubation of the output with recombinant Top2. 
 
Due to the success of this protocol in regard to visualizing plasmid dimers 
in the presence of active Top2, we will use this method in all subsequent 
experiments unless stated otherwise. 
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A) 
 
B) 
               
 
Figure 43 - Output from sucrose gradient sedimentation of chromatin 
extracts 
 
 
 
 
 
 
 
 
 
10% 45%
Chromatin extracted and run on 10-45% 
Sucrose Gradient. This is fractionated into 
30 samples all of which are electrophoresed
StuI + ApaI only have 1 cut site in the plasmid
Linearise
Relax
Nt.BbvCI is a nicking enzyme 
Recombinant Top2 will both relax and decatenate 
if substartes are present
A) Detection of Sister Chromatin Intertwining in Mitotic Cells. This gel 
represents one time point (i.e. one sample) which has been split into 30 
fractions and sedimented on a sucrose gradient (10% on the left, 45% on 
the right). The nature of the individual bands resolved are depicted 
alongside the gel, with the proof of their identify shown in B) 
B) Analysis of the bands yielded from heat denaturation in 1% SDS. 
Lanes from sucrose gradient fractionation were pooled and digested by 
either one of two restriction enzymes with a unique restriction site within 
the plasmid, a nicking enzyme, or incubated with a recombinant TopoII 
enzyme. This was performed by Farcas et al. 2011, and yields an identical 
pattern of bands to those identified in our study. 
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If the results from previous studies (Goto and Wang, 1982) confirming 
concatenation of plasmid dimers in vitro are representative of the actions of the 
Topoisomerase II enzyme in vivo then the probability of concatenation of 
plasmid monomers to produce plasmids dimers would most likely be merely a 
product of the proximity of the uncatenated monomers; the more likely the 
plasmids are to come into contact, the more likely they will form DNA 
juxtapositions constituting a suitable substrate for Top2. Importantly 
genetically distinct plasmids have not been used in vivo however none of the 
literature suggests that Top2 has any ability to detect homology, so provided 
they come into contact we predict that genetically distant plasmids will 
dimerise with the same efficiency as homologous plasmids.  
To investigate whether this concatenation does occur in vivo in the manner 
suggested by previous in vitro studies, our approach involves artificially 
manipulating the proximity of plasmid monomers, with the aim of altering the 
base level of catenated dimers in the cell. 
 
 
 
 
5.3 Top2 does not resolve catenated dimers to completion thus 
its activity is unlikely to be uni-directional.  
 
We decided that initially the most important aspect that needs answering is 
whether or not Top2 is actually capable of discerning the global topology of the 
DNA molecule from local DNA juxtapositions that comprise suitable substrates 
for the enzyme – i.e. does Top2 only decatenate or is their any evidence to 
support the in vivo concatenation theory. We would suggest that if Top2 is 
unable to concatenate in vivo then by maintaining a G2 arrest mediated by 
addition of nocodazole the ratio of catenated plasmid dimers to plasmid 
monomers should decrease over time. If this is not the case then one of two 
possibilities exists: either there are catenated nodes that due to chromatin 
conformation (or additional as yet unidentified proteins), are hidden from Top2, 
or indeed Top2 is able to concatenate in vivo and consequently the system has 
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achieved an equilibrium at which the enzyme is introducing and resolving 
catenated nodes with equal frequency.   
 
To ascertain whether the ratio of catenated plasmid dimers to plasmid 
monomers varies over time, WT cells containing the plasmid vector pRS415 
were cultured to achieve an exponential growth phase, before nocodazole was 
added. Following attainment of a nocodazole mediated G2/M block (>90% of 
cells) the timer was started. Two samples were harvested from the culture at 
T=2hours and T=4hours (each sample comprised 100OD595 of cells) and 
initially pelleted and stored at -80oC. These samples were spheroplasted and 
osmotically lysed before the extracted chromatin was denatured in 1% SDS at 
65oC for 10mins, before being loaded onto sucrose gradient, spun and 
fractionated. Each fraction was then electrophoresed before southern blotting 
and visualizing. The results of this analysis are displayed in Figure 44.  
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A) 
 
 
B) 
 
Figure 44 - Top2 lacks directionality once the steady state has been 
achieved 
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A) Samples were harvested 2 hours and 4 hours following G2 arrest 
mediated by nocodazole addition. These were sedimented on a 10-45% 
sucrose gradient and fractionated, and all 30 fractions from each sample 
were then electrophoresed. We can see in the gels the appearance of 
catenated dimer species (specifically CatC but some weak CatB signal is 
detectable (top of gels)) in both the 2 hour (left) and 4 hour (right) in the 
latter (denser) fractions.    
Panel B) The average intensity of the 3 strongest fractions of the CatC 
band has been quantified, and normalised against the 3 strongest CCCm 
(left) and OCm (right) bands is shown.  
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The results of the assay carried out in Figure 44 show that the ratio of 
catenated plasmid dimers (specifically CatC dimers as this is the species of 
dimer that is by far the most abundant and thus the easiest to quantify) to 
plasmid monomers is unchanged between the sample taken two hours 
following G2/M arrest and the sample taken four hours following G2/M arrest. 
This result leaves two possibilities. Firstly it could be the case that the activity 
of Top2 is bi-directional, as the enzyme has pushed the system into achieving 
an equilibrium between plasmid monomers and dimers, and the rate at which 
they are resolved is equal to the rate they are being created. Equally a second 
possibility would be that prior to the (+) supercoiling transition a number of 
catenated nodes are ‘hidden’ from Top2 and so are not resolved. This 
possibility is more difficult to rule out. This result however does demonstrate 
conclusively that the activity of the enzyme is not unidirectional to completion 
of resolution of catenated nodes prior to the (+) supercoiling transition.    
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5.4 Is Top2 capable of concatenating plasmid monomers in vivo? 
 
Our hypothesis is that Top2 is unable to sense the global topology of the 
DNA molecule from local DNA juxtapositions that constitute suitable 
substrates. Thus we predict that the likelihood of Top2 concatenating two 
plasmid monomers is dependent only on how often the two molecules come 
into contact, and in doing so form a substrate for Top2.  
 
5.4.1 Tetramerising LacI / LacO containing plasmids 
 
Our primary method for investigating whether or not this is the case in vivo 
is to attempt to bring plasmids into close proximity. Initially we sought to do 
this using a system involving inducible expression of a Lac Repressor protein 
that has the capacity to tetramerise. In this system the Lac Repressor (denoted 
LacI) binds to Lac operator (denoted LacO) sequences, which have been 
inserted into the genome, in a highly specific manner. This was initially 
demonstrated in the study carried out by (Kramer et al., 1987). This study 
demonstrated that when expressed in vivo LacI proteins dimerise, and it 
specifically in this dimeric form that they recognize and bind LacO repetitive 
sequences in the genome. The repetitive LacO sequence does not represent a 
frequent substrate for mitotic recombination events and so are suitable for use 
in this manner. Furthermore this study showed that these LacI dimers possess 
the ability to associate with each other such that they form LacI tetramers. 
Using this knowledge, (Straight et al., 1996) demonstrated that the 
tetramerising activity of the LacI dimers can be used to pull together two pieces 
of DNA containing LacO repetitive sequences, as each LacI dimer member of 
the tetrameric complex is able to associate with a distinct LacO sequence. Thus 
we set out to use this same protocol to attempt to artificially generate proximity 
between uncatenated duplexes, such that the probability of the strands 
becoming juxtaposed and forming Top2 substrates is increased.   
 
In this protocol we have inserted a plasmid vector into the strain containing 
Gal-LacI (LacI protein under control of a Galactose inducible promoter) and 
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the strain Gal-LacI mut (Straight et al., 1996) (LacI protein has been mutated so 
it is unable to form tetramers in vivo. The C-terminal of the LacI protein has 
been truncated such that the normal dimerisation and LacO binding features of 
the LacI protein are unaffected but the ability to tetramerise is lost). The 
sequences for these mutations in the LacI protein were identical to those 
published in (Straight et al., 1996). The plasmid is the standard centromeric 
vector pRS415, but with an additional G418-LacO sequence cloned in. The 
cells are cultured so that they achieve as exponential growth rate, following 
which they are arrested in G2/M by the addition of nocodazole. Subsequently 
when the LacI is expressed, the protein will bind the LacO sequences within 
the plasmid, and additionally will bind other LacI proteins. In doing so these 
plasmids would be forced much closer to each other than they would normally. 
In the strain where the LacI has been mutated so that it is unable to form 
tetramers, the LacI will still bind LacO sequences on the plasmids but will not 
tetramerise and so will not be able to pull uncatenated plasmids into close 
proximity. This strain is present to act as our control. These two conditions are 
displayed below in Figure 45. 
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Figure 45 - Consequences of induced LacI / LacI(mut) expression 
 
 
 
 
 
 
If our hypothesis is correct we predict that upon reducing the distance 
between uncatenated plasmid monomers, we will increase the likelihood of a 
suitable substrate for Top2 being generated, and thus we should be able to shift 
the ratio of plasmid dimers to monomer in favour of the dimers. Also we 
predict that expressing the mutant LacI (which is unable to form tetramers) will 
not lead to any significant change in the ratio of catenated plasmid dimers to 
plasmid monomers. The results of this assay are shown in Figure 46.  
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Each LacI diamond represents a dimer pair of LacI molecules.  
Panel A) Consequence of inducing expression of LacI.  
Panel B) Consequence of inducing the expression of LacI mut, 
which is unable to form tetramers 
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       B) 
 
 
Figure 46 - Effect of LacI induced plasmid proximity on dimer-
monomer ratio 
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A) The sample expressing the LacI capable of tetramerising is shown 
on the left, and the sample incapable of tetramerising on the right. 
These were sedimented on a 10-45% sucrose gradient and 
fractionated, and all 30 fractions from each sample were then 
electrophoresed. We can see in the gels the appearance of catenated 
dimer species (specifically CatC but some weak CatB signal is 
detectable (top of gels)) in both the LacI WT (left) and LacI mut 
(right) in the latter (denser) fractions.    
B) The average intensity of the 3 strongest fractions of the CatC band 
has been quantified, and normalised against the 3 strongest CCCm 
(left) and OCm (right) bands is shown. 
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The results of this assay show that by expressing the LacI WT (capable of 
tetramerising – Figure 45 A) construct in a G2/M arrest we see a small increase 
in the ratio of plasmid dimers (of the CatC species) to plasmid monomers (of 
both OCm and CCCm species), when compared with the outcome of 
expressing a LacI protein which has been mutated such that it is unable to form 
tetramers (Figure 46 B). This increase is very moderate. 
 
Due to the results yielded by the previous assay we sought to alter the 
methodology slightly. One possible problem with the methodology used to 
ascertain the results shown in Figure 46 is that prior to expression of the LacI 
construct, the cell already has a proportion of plasmid dimers present, and as 
such we are only ever looking for a change in the intensity of this band relative 
to the intensity of the plasmid monomer bands. We decided any conclusions 
drawn from this investigation would be more convincing if we could create a 
system where we are looking for a much more simple output.  
 
To do this we decided to transform the strain scc1-73 with the Gal-
LacI/LacI(mut) constructs, and subsequently the pLacO (pRS415+G418-LacO) 
vectors. With this new strain we were able to carry out an assay whereby we 
initially arrest the cells in G2 by addition of nocodazole. Subsequently we 
would shift the temperature of the culture to the non-permissive temperature of 
the scc1-73 allele (37oC). This would result in the loss of the plasmid dimer 
signal completely from the sample (it has been shown that removal of Cohesin 
results in loss of catenated dimers (Farcas et al., 2011)). Following this loss we 
would then express the LacI WT / LacI mut constructs. Where the LacI WT is 
able to tetramerise the plasmid monomers would be pulled into close proximity 
and if Top2 is able to concatenate in vivo this may result in the reappearance of 
the plasmid dimer band (by contrast we would expect the LacI mut strain to 
yield no such plasmid dimer band recovery).  In essence this assay should 
generate a situation where we see an initial baseline level of catenated dimers 
(G2 arrest), following which this signal should be completely lost (following 
inactivation of the scc1-73 allele). If the proximity provided by the LacI WT is 
sufficient to permit concatenation by Top2 we should then see the recovery of 
this catenated dimer signal. The results of this assay are depicted in Figure 47. 
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Figure 47 - LacI expression following reduction of dimers using scc1-
73 
 
 
  
 
 
 
 
 
 
What is obvious from the gels is that the CatC and CatB signals are 
reduced following inactivation of the scc1-73 allele (relative to the levels of 
these species in the G2 arrest sample), and that this signal is further reduced in 
the sample taken 2 hours following expression of the LacI WT construct 
(relative to the sample taken following inactivation of the scc1-73 allele).   
This result strongly suggests that we were unable to recover the plasmid 
dimer (CatC) band signal following its loss due to the inactivation of the Scc1 
Kleisin component of the Cohesin complex. The results in the strain expressing 
LacI mut unsurprisingly showed the same result (data not shown).  
In contrast to what we had expected, we can still see a faint signal 
representing the plasmid dimer (CatC) band in the sample taken following 
inactivation of the scc1-73 allele. This is mostly likely as the time following the 
shift to the non-permissive temperature before the sample was taken was 
!"#$!%&'$"(()*+),$-.#+.()$ %$/0.(*$10*+$+)21)("+.()$*/34$$ %$/0.(*$10*+$!"#"5+0*)$",,3607$10% 45% 10% 45% 10% 45%
G2 Arrest Post scc1-73 inactivation Post LacI WT expression
In the G2 arrest (left panel) sample we see our baseline level of 
catenated dimers in the cells (both CatC and CatB species are visible 
running with identical dynamics to those shown with previous gels). 
Following inactivation of the scc1-73 (middle panel) we observe a 
reduction in both the CatC and CatB signals (this sample was 
harvested 2 hours following shift to the non-permissive temperature). 
This loss of signal is further exacerbated in our post LacI WT 
expression sample (right panel) (sample taken 2 hours following 
Galactose addition).  
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insufficient for all plasmid dimers to be resolved, however the intensity of this 
band is significantly reduced and as is seen by the post-Galactose sample, the 
band has completely disappeared, indicating the use of the scc1-73 allele 
results in the desired phenotype. In addition to demonstrating the efficacy of 
the scc1-73 allele, the fact that the plasmid dimer band has failed to reappear in 
the post-Galactose sample indicates that we were unable to create a system 
favouring the concatenation of plasmid dimers in vivo (if indeed this is 
possible).  
The results from this assay suggest that concatenation by Top2 in vivo is 
not likely. However it was subsequently suggested a possible reason may be 
that the attraction experienced between LacI proteins was not sufficient to pull 
together plasmid monomers that had drifted a significant distance apart in S. 
cerevisiae in this particular cell cycle condition. The ability of the LacI system 
to pull together two unrelated pieces of DNA was shown in the study 
conducted by (Straight et al., 1996), however at this point we decided to 
confirm this previous result ourselves. Using LacI tagged with the fluorescent 
protein GFP, we failed to show in 100% of cases only one GFP foci after 
expressing the construct following inactivation of cohesin and separation of 
sister plasmids. In many cases we were unable to distinguish distinct GFP foci 
at all, most probably due to the small LacO lengths used within the plasmids 
and the large overexpression of LacI-GFP induced from the Gal promoter (we 
were forced to use only small LacO sequences as previously larger sequences 
had shown to be unstable, resulting in random recombination products). Thus 
our cytological analysis did appear to confirm (in cases where distinct foci 
were visible) that the LacI tetramerising activity was not strong enough to bring 
together plasmids that had drifted a significant distance apart. Another 
possibility is that we may have experienced reduced expression of the LacI 
construct due to the attempt to induce expression from the Gal promoter at 
37oC, which is well known to be significantly more complicated that 
expressing from the same promoter at 30oC or lower.   
 
We decided to modify the protocol used in Figure 47 in a manner that 
would allow us to avoid both of the possible problems outlined above. In the 
following assay the same strain was used (Gal-LacI pLacO scc1-73) as in 
RESULTS: Analysis of Topoisomerase II Decatenation / Concatenation 
Activity 
 195 
Figure 47. Following arrest of the strain at G2/M by addition of nocodazole to 
the exponentially growing culture, the culture was split into two. To half of the 
culture Galactose was added to 2% final concentration, while to the other half 
Glucose was added to 2% final concentration. Consequently in one culture the 
cells would express the LacI construct while in the second culture the Gal 
promoter would be repressed. 2 hours after the addition of Galactose / Glucose, 
a sample was taken, following which both cultures were shifted to 37oC (the 
non-permissive temperature for the scc1-73 allele). A further 2 hours after this 
temperature shift a sample was taken from both cultures. In this protocol 
expression from the Gal promoter is induced at the permissive temperature for 
scc1-73 (25oC) and consequently we avoid the problem of possible low 
expression levels due to attempted expression at 37oC. Additionally we avoid 
the problem of the LacI tetramerising ability not being strong enough to pull 
back together plasmid monomers that have drifted apart. In this assay we are 
using the expressed LacI tetramerising ability to attempt to protect the plasmid 
dimer band (CatC) from being lost due to the inactivation of the Scc1 Kleisin 
component of Cohesin. Here the addition of Glucose to one half of the original 
culture serves as our control, as these cells will not express the LacI construct 
and so should experience a reduction in the ratio of plasmid dimers (CatC) to 
monomers (OCm and CCCm) due to the inactivation of the scc1-73 allele. The 
results of this modified assay are shown in Figure 48. 
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A) 
 
 B) 
    
 
Figure 48 - LacI expression prior to inactivation of scc1-73 
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A) In the culture to which glucose was added (left top and bottom), in the G2 
arrest after Glucose addition (left top) there is a significant signal 
corresponding to both the CatC and CatB dimer species. Following 
inactivation of the scc1-73 allele (left bottom) there is a significant reduction 
in the signal corresponding to the CatC dimer species, and the CatB dimer 
signal has disappeared. The signals corresponding to the two monomer forms 
are also reduced. When Galactose was added the G2 arrested cells (right top 
and bottom) we initially se a strong signal for both the CatC and CatB dimer 
species (right top) and again following inactivation of the scc1-73 allele (right 
bottom) these signals both appear reduced in intensity.   
B) Quantification of the strongest three CatC bands (normalized to either the 
relaxed monomer (left two) or the supercoiled monomer (right two) shows a 
small increase in the levels of CatC dimers when the LacI WT expression is 
induced as oppose to when it is repressed. This data has not been repeated to 
confirm this finding   
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Visually from the data displayed in Figure 48 A, it is difficult to draw 
conclusions from this assay in either direction. It appears when either glucose 
(to repress the LacI WT expression) or galactose (to induce the LacI WT 
expression) is added to the culture, following which the scc1-73 allele is 
inactivated, the intensity of the CatC and CatB dimer species is reduced. 
However it is noticeable that the intensity of the monomer signals are also 
changed between the pre and post scc1-73 inactivation in both cases (i.e. 
glucose addition vs galactose addition), thus it was important to quantify the 
relative intensities of the dimer to monomers in both cases, which was 
performed and is shown in Figure 48 B. This quantification shows that when 
normalized to either the relaxed monomers (CCCrm) or the supercoiled 
monomers (CCCsmc), we see a small increase of the dimer species intensity 
when LacI WT expression is induced, compared to when it is repressed. This 
increase is modest (in the order of approx. 10% when signals are normalized to 
the supercoiled monomer (Figure 48 B right). Thus we can say in the culture in 
which expression of the LacI was induced, a higher ratio of plasmid dimers 
(CatC) to plasmid monomers (CCCm and OCm) was seen at the end of the 
experiment (i.e. in the sample taken two hours following the shift to the non-
permissive temperature for the scc1-73 allele), compared with when the LacI 
WT was repressed by Glucose addition.  
From this result we propose that the reduced distance between the plasmid 
dimers generated by expression of the tetramerising LacI, inferred a level of 
‘protection’ to the dimer species against the loss of this species triggered by the 
inactivation of the SCC1 allele. This would have been inferred by the increase 
in the likelihood of generation of DNA crosses between the plasmid monomers 
that confer a suitable substrate for Top2. The differences between the two cases 
was not too substantial, however we suggest that the time following the 
temperature shift at which the samples were harvested was insufficient to 
completely allow for reduction of plasmid dimers due to the inactivation of the 
SCC1 allele (this is also represented in Figure 47 which clearly shows that 2 
hours following shift to the non-permissive temperature is insufficient to 
completely lose the CatC plasmid dimer signal). Nonetheless we suggest that 
this result reinforces the ideas we have set out in our hypothesis.  
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This last result (Figure 48) provides some evidence that proximity is the 
driving factor in vivo for determining the directionality of Top2 activity, and 
thus can be taken to support our hypothesis, however the modest outcome 
observed does not provide conclusive proof. The differences we have observed 
between situations where we have artificially brought plasmids together and 
situations where plasmids are not brought together have always been small, and 
we sought to find a protocol whereby we could maximize the outcome (in 
either a positive or negative direction) to produce a conclusive result to answer 
our hypothesis.  
 
Currently we have been trying to bring together two sister plasmids to 
increase the likelihood of forming suitable DNA substrates and in doing so 
increase the ratio of catenated plasmid dimers (CatC) to plasmid monomers. 
The readout for this is observing an increase in the intensity of the plasmid 
dimer (CatC) band relative to the plasmid monomer bands (OCm and CCCm). 
As seen by previous assays this has proved to yield very small differences, 
mainly due to the fact that in a G2/M block mediated by nocodazole, the cells 
already possess a population of plasmids dimers, and as shown by our initial 
assay using the scc1-73 allele, the attraction between LacI proteins is perhaps 
not strong enough to pull together plasmid monomers that have drifted a 
significant distance apart (Figure 47).  
Importantly it should be noted that another reason for the apparently small 
differences seen, is that this assay is able to detect only alterations in the 
number of catenated dimers, and not any alterations in the number of catenated 
nodes in each catenated dimer. Due to this limitation we would only be 
expecting low changes in the ratio of catenated dimers to monomers plasmids.   
 
We sought to modify this protocol to create an assay with a much more 
clear-cut readout for the ability of Top2 to concatenate plasmid monomers in 
vivo. To do this we decided to create a strain possessing two different 
centromeric plasmids, both containing LacO sequences. We inserted a second 
pLacO into the strains previously used in Figure 46. The plasmid was a 
pRS414 with a G418-pLacO sequence cloned in. Thus the complete strain used 
was Gal-LacI, pLacO (pRS415+G418-LacO), pLacO (pRS414 +G418-LacO). 
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The rationale behind this assay is that while it may be difficult to discern a 
difference in intensity of the plasmid dimer band relative to plasmid monomer 
bands, these two non-sister plasmids (genetically distinct) should never be 
catenated due to physiological processes (i.e. replication). Additionally it is 
unlikely that they would come into contact with each other forming a Top2 
substrate naturally as it has been shown that chromosomes maintain their own 
distinct domains within the nucleus (Cremer et al., 2000). Thus if we can create 
a situation where they form DNA crosses that constitute suitable Top2 
substrates, and as a result become catenated, then we should see new bands 
appearing on the gels, due to the fact that these two plasmids are different sizes. 
The possible outcomes of these catenation events are depicted in Figure 49 
below. 
 
 
 
Figure 49 - Possible outcomes of catenation between genetically 
distinct plasmids 
 
 
 
pRS414-LacO  +    pRS414-LacO
pRS414-LacO  +    pRS415-LacO
pRS415-LacO  +    pRS415-LacO
This dimerisation of genetically distinct 
plasmids would not occur normally in vivo
as plasmids would be paired with sisters 
and maintain distinct regions within the nucleus.
A band corresponding to this specie would appear
only if dimeristaion had occured due to proximity 
genreated by the expression of the LacI WT construct
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Initially we decided to run the assay by culturing the cells in glucose, and 
in doing so repressing the Gal promoter. By doing this we are ensuring that the 
LacI construct is not expressed. We did this to check whether we could detect 
concatenation between these non-sisters without artificially having to bring the 
plasmids together. If this were the case then it would make for a much simpler 
argument to support our hypothesis. Thus the cultures were arrested in G2/M 
(mediated by addition of nocodazole to exponentially cycling cells), and once 
we obtained this block (>90%) a sample was taken and processed using the 
same protocol as that outlined in Figure 43. The result of this assay is displayed 
in Figure 50. 
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A)  Probed against only 1 centromeric plasmid (TRP1) 
         
 
 
B)  Probed against both centromeric plasmids (AMP) 
 
 
Figure 50 - Non-sister concatenation trial using centromeric plasmids 
10% 45%
10% 45%
A) Cells were cultured and arrested in G2 by addition of nocodazole. 
Chromatin was extracted and sedimented on a 10-45% sucrose gradient and 
fractions were electrophoresed. Here we probed against only one of the 
plasmids present in the cells. We can see bands corresponding to the presence 
of CatC and CatB dimer species, but only for homodimers of the plasmid 
probed against. No additional band can be seen corresponding to a 
heterodimer (i.e. a dimer comprised of one member of one plasmid and 
another member of the genetically distinct plasmid).   
B) Samples from the same experiment shown in A) were processed as before, 
and the resulting southern blots were probed against AMP located in both 
centromeric plasmids to confirm their presence. 
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From the assay depicted in Figure 50, we can see in the G2 arrest that we 
obtain only one band corresponding to the CatB species and one band 
corresponding to the CatC species of dimer (Figure 50 A). This gel was probed 
against only one of the two centromeric genetically distinct plasmids present in 
the cell. Thus these bands would correspond to the homodimer form of the 
CatB and CatC dimer species formed by the plasmid against which we have 
probed. We did not obtain any additional bands, which could be construed as 
representing heterodimers of the two distinct plasmids. We can see from Figure 
50 B, that when using a probe against the AMP locus we are able to visualize 
both plasmids in all of the normal conformations we have seen previously 
(CatB, CatC, OCm, CCCm), thus both plasmids were present at the time the 
cells were harvested.   
The results of this assay thus conclude that we failed to obtain any 
additional bands indicating concatenation of non-sister plasmids. Obviously in 
this situation we were not artificially bringing the non-sisters into close contact 
using the tetramerising LacI construct (which is present in these cells), so one 
may suggest that it would have been unlikely for these non-sisters to come into 
contact with sufficient regularity to produce a suitable Top2 substrate for a 
given time period (particularly as it is known that in vivo chromosomes 
maintain their own distinct nuclear domains and tend not to overlap each other 
(Cremer et al., 2000).  
As such the next experiment which needs to be carried out would be to 
express the tetramerising LacI construct in this strain, and by doing so bring 
these plasmids together to see if we can generate a new band (representative of 
concatenation of non-sister plasmids) under these conditions.  
 
One possibility for the reason we have only seen small differences in the 
intensity of the plasmid dimer bands relative to the plasmid monomer bands in 
assay carried out so far, lies in the fact that we have been using centromeric 
plasmids, which accurately mimic minichromosomes in vivo. This means we 
have only one copy per cell, and so even by forcing proximity of sister 
plasmids in an attempt to create a suitable substrate for Top2, any plasmid-
plasmid interactions that occur will only account for a very small fraction of 
crosses that constitute Top2 substrates genome wide. The rationale behind 
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bringing plasmids together in vivo is that we are trying to increase the 
likelihood of two sister plasmids creating a DNA cross that will constitute a 
Top2 substrate. It may be the case that by using centromeric, single copy 
plasmids we are incapable of producing crosses with sufficient regularity to 
significantly increase the likelihood of generating DNA crosses which 
constitute Top2 substrates.  
To analyse whether the use of these centromeric single copy plasmids was 
itself preventing us from demonstrating the ability of Top2 to concatenate in 
vivo we came up with a new approach using multi-copy plasmids – more 
plasmids equals more chance to create DNA crosses. These plasmids contain 
yeast 2µm origins but no centromere, and are not restricted to one copy per cell. 
Additionally we cloned in the same G418-LacO construct as we used in the 
centromeric plasmid system. The system we created was identical to the one 
outlined in Figure 50 (we are aiming to generate new bands representative of 
catenated non-sisters, only this time using multi-copy plasmids rather than 
centromeric ones). By having many copies of the two plasmids in the cell, and 
by pulling together a number of these, we predict that we will vastly increase 
the likelihood of plasmid DNA forming crosses that successfully constitute 
suitable Top2 substrates, and as a result we should see a significant increase in 
the intensity of the plasmid dimer band relative to the plasmid monomer bands 
if Top2 is genuinely capable of generating catenated nodes in vivo.  
 
The full strain used was Gal-LacI WT/mut, pLacO(small) - 
(pRS424+G418-LacO), pLacO(large) -  (pRS426+G418-LacO+3kb mSmc5 
insert). The second multi-copy plasmid used had a 3kb section of the mouse 
SMC5 gene inserted (non functional) only to increase the size of this second 
plasmid relative to the first one, so as to be able to distinguish catenated non-
sister plasmids (i.e. heterodimers) more clearly. The cells were cultured in 
Raffinose until the achieved an exponential growth phase, following which 
they were arrested in G2/M by the addition of nocodazole. Following this 
Galactose was added to 2% final concentration to induce expression of the LacI 
WT / mut construct and 2 hours following the Galactose addition samples were 
harvested. The samples were processed as outlined in Figure 43 and the results 
of this assay are displayed in Figure 51 below.     
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A)                            Single multi-copy (MC) plasmid run (control) 
   
B) 
 
      2 Multi-Copy plasmids – Probed against one (TRP probe)  
 
 
 
 
 
 
 
 
 
10% 45%
10% 45% 10% 45%
LacI WT pLacO(sm) pLacO(lg) LacI mut pLacO(sm) pLacO(lg)
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C) 
 
      2 Multi-Copy plasmids – probed against both (AMP probe) 
 
  
Figure 51 - Non-sister concatenation trial using multi-copy plasmids 
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LacI WT pLacO(sm) pLacO(lg) LacI mut pLacO(sm) pLacO(lg)
A) This strain had only one multi-copy plasmid present. This served to prove that 
multi-copy plasmids run in an identical fashion to centromeric plasmids, thus we 
can easily identify bands  
B) Cells had both genetically distinct multi-copy plasmids present and the 
membranes were probed against only one of the plasmids. We can see strong 
signals corresponding to the presence of the OCm and CCCm monomer species. 
Additionally we can see a number of new bands formed. Present in both is a 
relatively strong band running just below the OCm signal in approximately the 
lower 15 fractions. We suggest this is the homodimer CatC band for the plasmid 
probed against. Additionally are a number of new bands, two of which have been 
highlighted with blue arrows. We suggest that these could possibly represent 
catenated heterodimer species. Additionally there appears to be a number of 
bands running above the OCm signal however these are relatively weak 
compared with the rest of the membrane signal.  
C) Samples were processed as before, and the resulting southern blots were 
probed against AMP located in both multi-copy plasmids to confirm their 
presence. 
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The most striking observation from the results shown in Figure 51 is that 
there is a significant increase in the overall number of bands we observe 
compared to the signal yielded from the centromeric plasmid experiments 
(Figure 51 B). We can easily identify the presence of the OCm and CCCm 
bands running as has been previously demonstrated (Figure 51 A). Both the 
LacI WT strain and the LacI mut strain show a common band running in the 
lower fractions just below the OCm band, which would correspond with the 
CatC homodimer for the plasmid probed against. However what is obvious is 
that when we are expressing the LacI WT (Figure 51 B left) we see the 
generation of a number of new bands that are not visible in the LacI mut 
sample (these bands are highlighted with the blue arrows). Figure 38 C shows 
that both plasmids were present in the cells at the time of sampling.  
These two new highlighted plasmid species electrophorese faster than the 
expected CatC plasmid homodimer band. These bands were identified when the 
tetramerising LacI was expressed and are not seen when the mutant version of 
the LacI is expressed. However the gels were probed against the smaller of the 
two plasmids, so one might suggest that if the two non-sisters had become 
catenated then they should not run as far into the gel as the pLacO(sm) 
homodimers. Additionally we see a number of bands appear above the OCm 
band, however there is some sign of these being present in the single multi-
copy plasmid run (Figure 51 A).  
At this point further analysis is required to confirm the identity of the 
numerous new bands, which we observe in this assay. It may be possible to 
pool these samples and treat them with the same restriction enzymes and 
recombinant proteins as shown in Figure 43 B, however this is yet to be 
performed.  
Additionally we must ascertain whether or not the multi-copy plasmid 
system is truly suitable for our analyses as they provide us with a number of 
additional issues that we do not have to consider when working with 
centromeric plasmids. This is due mainly to possibilities such as rolling circle 
replication and the formation of aggregates that experience no selective 
pressure to segregate equally from one generation to the next.  
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5.4.2 DSB induced Cohesin loading 
 
Alongside the protocols demonstrated in the previous section which 
utilised the tetramerising LacI proteins to try to bring plasmids into close 
contact, we also ran another set of experiments which used a second 
methodology, but with the same ultimate goal (i.e. to pull plasmids into closer 
contact than they would normally experience to see if we can shift the plasmid 
dimer to plasmids monomer ratio, and thus test the concatenation activity of 
Top2 in vivo).  
 
It has been reported in the literature that induction of a double strand break 
in the genome induces genome wide cohesin turnover, which is capable of 
conferring cohesion. Importantly, as this phenotype has been shown to occur 
not just at the break site, but throughout the entire genome, we can use this to 
our advantage. The rationale behind the experiments carried out in this section 
is that following S-phase and the consequent production of two cohesed sister 
plasmids, the cells are arrested in a G2/M block mediated by addition of 
nocodazole. Subsequently we can induce a double strand break at a predefined 
location in the genome (the MAT locus) (Sugawara and Haber, 2012). The 
production of this double strand break in the genome will cause global Cohesin 
turnover, including turnover of Cohesin loaded on the plasmid (McAleenan et 
al., 2013). This will occur for the duration of the DSB. In this system we used 
the HO endonuclease system to induce a double strand break at a time of our 
choosing (i.e. following arrest of the cell is G2/M). In this system the HO 
endonuclease is under the control of the inducible galactose promoter. Once 
expressed the nuclease creates a double strand break at the MAT locus. As the 
HML and HMR regions of homology are deleted this break is non-repairable 
and thus we are able to maintain the conditions of cohesin turnover induced by 
the break. Additionally the strain used contains a plasmid from which we are 
able to express either WT Scc1, or a mutant variant of Scc1 that cannot be 
cleaved by separase (as the required residues have been mutated (Nakajima et 
al., 2007), and so once loaded it remains loaded to the DNA. In the strain 
expressing WT Scc1, upon induction of the DSB we should see constant 
turnover of Cohesin, and a net maintenance of the Cohesin levels of the 
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plasmid. In the strain expressing the non-cleavable version of Scc1, upon 
induction of the DSB the Cohesin presently loaded cannot be removed (by 
separase) (McAleenan et al., 2013), however new Cohesin will constantly be 
loaded. As a result, in this strain the sister plasmids should experience a 
significant increase in the amount of Cohesin loaded, and so we propose in this 
situation the plasmids will be held closer together at more locations than the 
sister plasmids in the strain able to remove Cohesin.  
 
The two strains used (i.e. Gal-Scc1 vs Gal-Scc1nc) were cultured in 
Raffinose until they reach an exponential growth phase, at which point 
nocodazole was added to the cultures to achieve a G2/M arrest. Following this 
arrest a sample was taken to provide a baseline reading and then Galactose was 
added to 2% to both induce the expression of the HO endonuclease and to 
induce expression of the Scc1wt/nc construct. 4 hours post Galactose addition a 
second sample was taken from both cultures before Glucose was added to 2% 
final concentration to repress the expression of the HO endonuclease. 2 hours 
post Glucose addition a third sample was taken the samples were processed as 
outlined in Figure 43, and the results of this are displayed in Figure 52. 
Additionally we confirmed the efficiency of the HO endonuclease induced 
DSB using qPCR across the cut site. This information is also displayed. 
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A) 
Gal-HO Gal-Scc1nc pRS416 
 
Gal-HO Gal-Scc1wt pRS416 
 
 
 
B) 
CatC Ratio to OCm (Normalized against G2/M arrest sample intensity) 
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C)  
 
D) 
 
 
Figure 52 - Alteration in catenate ratio in response to induced Cohesin 
loading 
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A) Here cells were arrested in G2 by addition of nocodazole. Following this arrest 
Galactose was added to induce expression of either the non-cleavable Scc1 
construct (top 3 gels) or of the WT scc1 construct (bottom 3 gels). Any conclusion 
from is assay is difficult to draw visually from the gels as the levels of both the 
catenated dimer species and the monomer plasmid species varies, thus the relative 
levels of CatC dimers was quantified and normalised to the monomer species so 
that the intensities could be compared between gels. The results of this 
quantification are shown in B)   
B) The values here represent the average intensities of the CatC dimer species 
relative to the monomer species within that same sample. These were then 
normalised to the value of the G2 arrest sample. This showed that we see an 
increase in the intensity of the CatC species when the non-cleavable Scc1 is 
expressed and the DSB is induced, and a further increase even after repression of 
the Scc1-nc expression and HO endonuclease expression by addition of glucose. 
Conversely when the Scc1-WT is expressed and the DSB is induced we see that the 
intensity of the CatC dimers species reduces, and subsequently reduces further 
even after repression of the Scc1-WT expression and HO endonuclease expression 
following glucose addition. 
C) Western blot confirming Scc1-WT expression during this experiment. Scc1-nc 
was not tagged so expression couldn’t be confirmed     
D) qPCR analysis using primers flanking the HO endonuclease cut sequence was 
performed to confirm the presence and dynamics of the HO cut in both strains. 
This experiment was only performed once, however 2 different concentrations of 
DNA were used to qPCR as shown.      
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The gels depicted in Figure 52 A are difficult to draw conclusions from 
visually as the levels of catenated dimer species vary along with the levels of 
the monomer species, and so quantification of the levels of CatC dimers 
compared to the monomers within the same gel are required. This is shown in 
Figure 52 B, where upon initiation of the HO cut, and expression of the non-
cleavable Scc1, we see a rise in the relative levels of CatC to monomers 
(approximately 1.7% above the original CatC levels seen in the G2 arrest 
sample). Subsequently we see the levels of CatC continue to rise even after the 
HO endonuclease and non-cleavable Scc1 expression is repressed by addition 
of glucose (to an increase of approximately 3.6% over the original levels seen 
in the G2 arrest sample). By contrast, in the culture where Scc1 WT is 
expressed, upon expression of the HO endonuclease (and resulting double 
strand break) we see a reduction in the levels of CatC relative to monomers by 
approximately 8%. This CatC to monomer ratio further reduces even following 
repression of the Scc1-WT construct and the HO endonuclease by addition of 
glucose (to approximately 11% below the original levels seen in the G2 arrest).    
This assay yielded a very important result. When the induction of the DSB 
coincides with the induced expression of the non-cleavable variant of the Scc1 
Kleisin component of the Cohesin complex, we see an increase in the ratio of 
plasmids dimers to plasmid monomers, and this increase is further exacerbated 
following addition of glucose and repression of the HO endonuclease and Scc1-
nc expression. We suggest that this is due to the fact that even following 
repression of the HO endonuclease and Scc1-nc construct, the loaded Cohesin 
is unable to be removed. As a result the additional Cohesin present on the 
plasmids confers a reduced distance between more of the sister plasmids thus 
increasing the likelihood of the two molecules contacting each other and 
forming a suitable Top2 substrate. This would consequently explain the 
increase we see in the ratio of plasmid dimers to plasmid monomers in this 
strain. In contrast to this result, when we express a WT Scc1 construct we see a 
reduction in the ratio of catenated dimers to monomer plasmids. A possible 
explanation for this would be that upon induction of the DSB and subsequent 
initiation of genome wide Cohesin turnover, the overall number of Cohesin 
molecules loaded on the plasmid at any one time would be lower than prior to 
the cut. Due to this lowering of loaded Cohesin, the proximity of the sister 
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plasmids would be reduced thus resulting in a shift in the position of the 
plasmid dimer-monomer ratio in favour of monomer plasmids, as the 
opportunity for sister plasmids to contact each other would be reduced.  
 
We would further suggest that were this system held in either condition (i.e. 
expressing either Scc1-wt or Scc1-nc), Top2 would achieve a new altered 
equilibrium conferred by the new proximity of the sister plasmids to each other. 
This evidence supports our hypothesis that Top2 is able to concatenate in vivo.    
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5.4.3 Cohesin modifications to alter plasmid proximity  
 
The evidence we obtained in the previous section provides support for the 
idea that Cohesin itself may provide the proximity required to increase the 
likelihood of concatenation sister chromatids. Should this be the case we could 
extrapolate the role of Cohesin as being to enforce sister chromatid cohesion by 
both encompassing sister chromatids within a tripartite proteinaceous ring, 
while also favouring the concatenation of the genome by providing the required 
proximity to favour generation of Top2 suitable substrates. Whether this role 
would be as the major evolutionary role of the complex, allowing generation of 
sister chromatid cohesion even in areas lacking Cohesin mediated cohesion, or 
as a side effect of the complex, is impossible to determine.    
 
We sought to confirm this theory, and in doing so reinforce the work we 
have done so far demonstrating the ability of Top2 to concatenate sister 
chromatids in vivo. Confirmation of this theory would provide additional 
evidence that proximity of two strands of DNA, and the resulting regularity 
with which they come into contact, is the overriding factor in whether or not 
they are likely to become catenated.  
 
To ascertain the role played by the Cohesin complex in conferring a 
suitable proximity for generation of Top2 substrates, we created two constructs. 
One construct has both the SMC1 gene and the SMC3 gene, tagged with MYC 
and FLAG respectively, under control of the Gal-inducible promoter. This 
construct provides our control. The second construct was created with the aim 
of increasing the diameter of the Cohesin complex, and in doing so, increase 
the distance between cohesed sister chromatids. We attempted to achieve this 
by doubling the length of the sequence of the anti-parallel coiled coil regions of 
both the SMC1 and SMC3 genes, and placed these modified sequences under 
control of the Gal-inducible promoter. These alleles were termed SMC1 2xCC 
and SMC3 2xCC (i.e. 2 x antiparallel Coiled Coil regions). These genes were 
epitope tagged with MYC and FLAG respectively. The Smc1 and Smc3 
proteins were modeled by Dr. Alberto Riera (DNA replication group, MRC 
Clinical Sciences Centre) before the constructs were created to ensure that the 
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sequences would accurately translate into functional Smc proteins with 
elongated antiparallel coiled coil regions. These constructs were transformed 
into three different strains. The first two contained temperature sensitive 
mutants of either Smc1 or Smc3 (smc1-2 and smc3-1) and the third strain used 
the degron system explained previously (Figure 12 and Figure 13), and both 
SMC1 and SMC3 were tagged with the degron tag. These strains would allow 
us to see if the inserted constructs could complement for the ts / degron allele. 
Primarily we sought to ascertain whether expression of these constructs was 
viable on plates. The result of these serial dilutions is shown in Figure 53 below. 
 
 
              
Figure 53 - Viability of the Smc1/3 2xCC constructs 
 
 
 
 
 
 
 
Smc3-1 +
Gal-Smc1wt Gal Smc3 wt
(control)
Smc3-1 +
Gal-Smc1 (2xCC) Gal Smc3 wt (2xCC)
Smc1-2 +
Gal-Smc1wt Gal Smc3 wt
(control)
Smc1-2 +
Gal-Smc1 (2xCC) Gal Smc3 wt (2xCC)
Smc1/3 td +
Gal-Smc1wt Gal Smc3 wt
(control)
Smc1/3 td +
Gal-Smc1 (2xCC) Gal Smc3 wt (2xCC)
Smc3-1 / Smc1-2 / Smc1-td Smc3-td cells were transformed to express 
either WT Smc1/Smc3 from the Gal promoter, or 2xCC Smc1/Smc3 (a 
variant where both Smc proteins have been constructed to have the 
anti-parallel coiled-coil domains twice as long as the WT). Drops in 
permissive and non-permissive conditions were performed on these 
transformants to check for complementation of ts allele / degron 
activation.   
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The serial dilutions demonstrate that when the temperature sensitive allele 
or degrons are triggered and the constructs are expressed, the strains expressing 
Smc1 WT and Smc3 WT are viable, however the strains expressing the Smc1 
2xCC and Smc3 2xCC (i.e. the modified proteins with extended antiparallel 
coiled-coil regions) are not viable. Following this result we decided that the 
lack of viability might be for any number of reasons. Providing we could 
demonstrate that these double coil-coiled structures were competent for 
conferring cohesion in one cell cycle on cells released from a G1 arrest 
(mediated by Alpha factor addition), to a G2/M arrest (mediated by nocodazole 
addition), then we could still use them to ascertain whether the Cohesin 
complex itself is responsible for conferring a proximity between sister 
chromatids which favours the introduction of catenations by generation of 
Top2 suitable substrates. At this point we decided to focus on the strain 
containing Smc1-td and Smc3-td, as here we are able to ensure that we are not 
creating hybrid Cohesin complexes comprising an endogenous Smc protein 
along with a modified protein, and in doing so creating another level of 
complexity. While this strain is not viable on plates as shown in Figure 53, we 
suggest that provided the modified Cohesin subunits (Smc1/3 2xCC) are 
capable of forming cohesion competent Cohesin in one cycle then we will be 
able to use this system to test the effect of plasmid proximity on the 
directionality of the topoisomerase II enzyme.   
 
To do this we cultured these strains until they obtained an exponential 
growth rate, at which point they were arrested in G1. Following the arrest the 
degrons were triggered and the modified SMC proteins were expressed. The 
cells were then released to a G2/M arrest, at which point samples were 
harvested from the cultures. These samples were processed in a similar manner 
to that described in Figure 43, however we did not denature the samples prior 
to electrophoresing them, allowing us to run chromatin with intact Cohesin. 
Thus plasmids that were not catenated but cohesed (mediated by Cohesin) 
should still run in a similar manner to plasmids that are both catenated and 
cohesed. The results are depicted in Figure 54.   
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A) 
 
 
B) 
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Figure 54 - Ability of the Smc1/3 2xCC constructs to confer cohesion 
in 1 cell cycle 
 
Figure 54 A demonstrates that in both strains (i.e. the strain expressing WT 
Smc1/3 and the strain expressing 2xCC Smc1/3) we recover a signal of dimers 
which sediments and electrophoreses in the same fashion. In both samples we 
see a peak dimer signal running around the 22nd/23rd fraction (where fraction 30 
is the lane on the far right of both gels). We confirm this signal as representing 
a dimer species, as when the Smc1/3 degrons are triggered and these proteins 
are not replaced by expressing substitute Smc1/3 proteins, we see a very 
significant loss of this signal (Figure 54 B). Importantly we do not detect the 
monomer plasmids running in this assay. This could be due to the fact that they 
run in a far more diffuse band in the higher fractions of the sucrose gradient, 
and thus these bands may not be strong enough for us to visualize in this 
instance.   
Thus the plasmids from the strain expressing the modified Smc proteins 
with the double length coiled coil (i.e. Smc1/3 2xCC) run in a very similar 
manner to those from the strain expressing the WT Smc proteins, which are 
viable beyond one cycle. The plasmids from both strains sediment in lower 
regions of the gel and electrophorese to similar degrees. The signal from both 
A) Degrons were triggered in a G1 arrest while inducing expression of either 
the WT (top) or extended coiled-coil (bottom) constructs. Subsequently the 
cultures were released to a G2 arrest mediated by addition of nocodazole, 
where cells were harvested, processed and run. Importantly sedimented 
fractions were not denatured before running allowing plasmids to run with 
Cohesin still loaded (i.e. the sister plasmids are cohesed if the expressed 
Smc1/3 is capable of producing cohesive Cohesin). We detect plasmid dimer 
species running in a similar manner between both cultures (top and bottom). 
These species are detected in the lower 15 fractions of the gradient. The peak 
plasmid density appears in the 22nd/23rd fraction when either the WT or 2xCC 
Smc proteins are expressed (fraction 30 is the lane on the far right of the gels). 
Additionally shown is western blot confirmation of expression of Smc1/3 WT 
or Smc1/3 2xCC proteins (below left) and Fluorescence-activated cell sorting 
analysis of DNA content (below right)    
B) Smc1/3-td cells were treated as in Panel A, to identify any change in this 
dimer species signal when the degraded Smc proteins are not compensated for 
by expression of substitutes. Additionally shown is western blot confirmation 
of Smc1/3-td activation (below right) and Fluorescence-activated cell sorting 
analysis of DNA content (below left)  
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gels matches with the previously published data showing that bands in this 
region correspond to cohesed plasmids (Farcas et al., 2011). This strongly 
suggests that in both instances (i.e. where we are expressing either the WT 
Smc1/3 or when expressing the 2xCC Smc1/3) we are recovering plasmids that 
are cohesed. Thus in one cycle the modified 2xCC Smc1/3 are competent for 
formation of cohesive Cohesin.  
We have used the degron system with no Gal-inducible construct to 
demonstrate how the quantity of catenated dimers changes when neither of the 
SMC proteins required are present (shown in Figure 54 B). Importantly the 
dimer signal seen in this situation is significantly reduced from the dimer signal 
seen when either the WT of 2xCC constructs are expressed, demonstrating the 
2xCC constructs are capable of conferring cohesion in a similar manner to the 
WT constructs, at least over the period of a single cell cycle.   
 
 
From this experiment we are convinced that the modified 2xCC SMC1/3 
constructs are cohesive in one cell cycle. Thus we are able to use these strains 
to analyse the role of the Cohesin complex in enforcing sufficient proximity of 
sister chromatids/plasmids to generate Top2 suitable substrates with sufficient 
regularity to favour concatenation.  
 
These subsequent assays are still to be performed. 
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5.5 Chapter Summary 
 
In this section we sought to identify whether the concatenation activity of 
the Topoisomerase II enzyme, that has previously been identified in vitro, is 
maintained by the enzyme in vivo. We aimed to do this by artificially creating 
suitable Top2 substrates in an attempt to shift the monomer/dimer ratio if Top2 
is able to concatenate in vivo. Initially we demonstrated that plasmid dimers 
can be visualized at G2/M in cells maintaining active Top2, and subsequently 
we used this protocol to show that prior to the (+) supercoiling transition, Top2 
cannot resolve catenations to completion. This indicates that either Top2 can 
introduce catenations in vivo and so establishes an equilibrium, or else some 
catenated nodes are somehow hidden from the enzyme prior to the (+)-
supercoiling transition. Subsequently we performed a number of assays aimed 
at increasing availability of Top2 substrates formed by uncatenated plasmids. 
We demonstrated a small but detectable increase in the dimer-monomer ratio 
when we moved plasmids closer together (by triggering increased Cohesin 
loading). Further analyses are required to confirm the possible concatenation 
activity of Top2 in vivo we have shown here.     
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6 RESULTS: Cohesin Electron Microscopy  
 
6.1 Objectives 
 
• We aim to use electron microscopy to visualize these structures to 
ascertain the true nature of Cohesin mediated cohesion.  
 
 
6.2 Approach 
 
In the literature there are a number of models for the method by which the 
Cohesin complex is able to confer cohesion to sister chromatids following S-
phase. These include the single encompassing ring model, whereby the 
complex fully encompasses two sister chromatids, and the bracelet model 
which involves a number of Cohesin complexes working together to confer 
sister chromatid cohesion. The cohesin complex has previously been visualized 
following in vitro reconstructions of the complex, however we suggest that 
these are in no way indicative of the conformation of the complex in vivo and 
moreover conferring methods of action for the cohesin complex using these 
images is flawed for this same reason. The vast majority of the work from 
which the models for Cohesin action have been drawn up have involved 
biochemical work involving disruption of either the integrity of the duplices or 
of particular subunits of the complex itself, and analyzing the outcomes from 
these effects. However the fact that there are still a number of models for the 
action of the complex in vivo in the literature today demonstrate the level of 
uncertainty surrounding this aspect and further enforce the need for 
clarification on this point. We have refined a method of sedimenting cohesed 
plasmids on sucrose gradients, which allows us to obtain factions that are 
enriched for these structures, and thus we aim to use this technique to provide 
samples for electron microscopy. If successful this will not only elucidate the 
structure of the complex in vivo, but also reveal the method by which the 
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complex confers cohesion as this technique allows us to attain samples 
containing cohesed plasmids. 
 
 
 
 
6.3 Chromatin isolation and cleanup  
 
For the successful visualisation of these structures using electron 
microscopy we initially arrested a culture of WT cells, containing the pLacO 
plasmid previously described, at G2/M by addition of nocodazole to the 
exponentially growing culture. Following the arrest of the cells we harvested 
and processed the samples as explained in Figure 54.  
 
We ran the fractionated samples on agarose gels in a manner identical to 
that outlined in Figure 54, to identify the fractions containing the cohesed 
plasmids (data not shown). This run yielded 15 fractions containing cohesed 
plasmids. These fractions were subsequently pooled.  
 
At this point we decided to carry out a number of washes using various salt 
concentrations, to attempt to remove as many of the additional chromatin 
bound proteins as possible without removing Cohesin. Each salt concentration 
sample underwent three washes, before we ran a small volume of the products 
on a gel to ascertain at what concentration we yielded monomer plasmids, and 
therefore at what concentration we could wash at just prior to removing the 
Cohesin complex from the chromatin. The results are displayed in Figure 55. 
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Figure 55 - Titration of salt concentration required for the removal of 
Cohesin from chromatin 
 
  
 
 
 
From the results of this analysis we decided that the highest concentration 
of washes that we could perform before we begin to lose the Cohesin complex 
from the chromatin was 0.6M KCl, and consequently this was the concentration 
we used to wash the remaining fraction pool.  
 
 
 
 
 
 
 
 
 
 
Released plasmid monomers
Samples from the pool of cohesed plasmid containing fractions were 
washed 3 times in varying concentrations of KCl salt before finally 
washing and resuspending in 1XTE pH8.0, to identify at what 
concentration cohesin is removed. 
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6.4 Cohesin visualisation  
 
Following the washes and concentration into 500μl volume, the sample 
was sent to Professor Xiaodong Zhang of the Division of Molecular 
Biosciences at Imperial College, who performed the first Electron Microscopy 
run of these samples. The results are displayed in Figure 56.   
 
From this early analysis (in Figure 56) we were able to visualize circular 
ring like structures, however the result were significantly noisier than we had 
expected. We observed a number of ring-like structures, however their 
appearance does not match exactly what we would expect knowing the protein 
structure of the individual subunits of the complex. We would expect to see the 
density of the ring varying throughout its circumference, corresponding to 
globular regions vs coiled-coil regions of the Smc proteins, and this is not what 
we observe in this preliminary experiment.  
 
We are in the process of refining this protocol, both to obtain a sample 
further enriched for cohesed plasmids, and to determine which electron 
microscopy technique would be best suited to this analysis. By producing a 
sample that is further enriched for Cohesed plasmids we would be able to more 
confidently identify the Cohesin complex from the results. Additionally we 
plan to use the Smc1/3 2xCC constructs described previously in the same 
manner. By visualizing rings that increase in diameter we will both be able to 
more easily identify structures representing the cohesin complex in the Electron 
micrographs, and more strongly support the results from section 5.4.3 by 
demonstrating that using the 2xCC constructs we allow cohesed sister plasmids 
to drift further apart from each other.    
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Figure 56 - Electron microscopy of extracted chromatin fractions post 
salt wash 
WT cells were cultured in YPD and arrested at G2/M by addition of 
nocodazole. 100OD595 of cells was harvested from the culture, and the DNA 
extracted and run on a sucrose gradient as in Fig31. Following fractionation, 
a southern blot was carried out to identify which fractions contain cohesed 
plasmid species (data not shown) and these lanes were pooled. Samples were 
washed with 0.6M KCl were used for electron microscopy. The method used 
was negative staining and the magnification used to obtain the images shown 
was x27,000.   
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6.5 Chapter Summary 
 
In the section we sought to utilize our previously established chromatin 
extraction protocol to isolated Cohesin mediated cohesed plasmids. 
Subsequently we aimed to visualize these structures using EM, to conclusively 
prove the nature of the cohesion mediated by the Cohesin complex.  
 
We first showed that any KCl wash at concentrations above 0.6M results in 
removal of Cohesin from the plasmids, and thus 0.6M KCl is the highest usable 
salt wash for this investigation. We then obtained crude chromatin samples that 
display ring-like structures. We suggest that these structures are unlikely to be 
Cohesin, however given the crude nature of the extract it is necessary to obtain 
samples enriched for these structures. This would allow us to more 
conclusively define the method of action of the Cohesin complex. These assays 
are still to be performed.    
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7 RESULTS: Minichromosome plasmids are capable 
of forming higher order DNA structures identical to 
genomic DNA  
 
7.1 Objectives 
 
• As a proof of principle experiment we want to demonstrate that 
centromeric plasmids in vivo are a good representative model of 
physiological processes that occur on chromosomes.  
 
 
7.2 Approach 
 
Throughout the work carried out in this thesis we have used centromeric 
plasmids to model the topological effects that occur in the genome. The 
primary reason for using plasmids to model these topological events, is that we 
are unable to directly visualize any topological event occurring directly on 
chromosomes. This is because in the process of extracting genomic DNA, all of 
the cellular structures that are involved in securing the chromosomes at specific 
locations along their length, and in doing so dividing the chromosomes into 
topologically distinct regions, are lost. As a result of losing these topologically 
distinct regions, all of the topological information stored in the chromatin 
conformation in vivo is lost upon extraction. Plasmids are covalently closed 
DNA circles and as such they represent a single, defined topologically distinct 
region. Upon extraction from the cell plasmids remain closed and so 
topological information is maintained.  
 
The vast majority of the work carried out here has been looking at the 
effect of catenations on the ability of the cell to carry out proficient sister 
chromatid segregation. We presumed that plasmids undergo an identical 
process during replication resulting in similarly formed catenated sisters as do 
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the chromosomes, however as a proof of principle we sought to demonstrate 
that the effects of physiological replication are identical between 
minichromosome plasmids and chromosomes in vivo. We predict that any 
result of replication seen to occur on chromosomes should be able to be 
mirrored in the plasmid system, to fully validate our use of this system as a 
comparative model of catenated sister chromatids. To do this we had to identify 
a direct effect of replication in particular conditions occurring on chromosomes 
that could be visualized on chromosomes directly, so as to allow us to compare 
this to the plasmid system. Due to this requirement any analysis of topological 
structures was immediately ruled out.  
 
In the literature there are numerous reports of proposed ‘hemi-catenate’ 
structures (or pseudo-Holliday junctions) that occur in specific mutant strains 
that have been visualized directly on extracted and digested chromosomes 
(Branzei et al., 2006; Liberi et al., 2005; Lopes et al., 2003), and we decided 
this would be a particularly good effect to replicate in the plasmid system, as it 
represents the closest replication dependent effect resulting in a phenotype with 
some proposed aspect of topological alteration (in this case a proposed 
topological linkage of two strands of DNA from opposing newly replicated 
DNA duplexes), however it can be visualized on chromosomes. Therefore we 
suggest that proof of this effect being replicated in centromeric plasmids 
demonstrates that the plasmids system is a suitable model for catenated sister 
chromatids in vivo.   
A hemicatenane refers to the intertwining of the two newly replicated 
daughter strands around each other, but in a topological manner (i.e. no base 
pairing) A diagram is shown in Figure 57. 
   
 
 
Figure 57 – Hemi-catenate and its ability to form a Pseudo-Holliday 
junction through branch migration 
 
Branch Migration 
Pseudo-double Holliday Junction Hemicatenate
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7.3 X-shape ‘hemi-catenate’ structures form on plasmids under 
identical conditions to those required to produce the same 
effect on genomic DNA 
 
In the literature these ‘hemi-catenate’ structures seen to occur on the 
genomic DNA in strains containing either sgs1Δ or nse2ΔC in conditions of 
DNA damage conferred by the presence of 0.033% MMS (methyl methane 
Sulphonate) (Branzei et al., 2006; Liberi et al., 2005; Lopes et al., 2003). To 
note, Sgs1 is a helicase found to be associated with Top3 and Rmi1 (Kennedy 
et al., 2013) and this complex has been shown to play a role in Holliday 
junction resolution (Hickson and Mankouri, 2011). Nse2 is a subunit of the 
Smc5/6 complex and has been shown to have a SUMO-ligase activity and to 
have a role in DNA damage repair (Kliszczak et al., 2012). To assay whether 
this effect seen occurs in minichromosome plasmids in an identical manner to 
that seen on the genome we transformed these strains with the plasmids 
pRS416. The strains were then grown in culture until they reached exponential 
phase. Following this they were arrested in G1 by addition of Alpha factor. 
Once the block was attained, the cells were released into fresh media in the 
presence or absence of 0.033%MMS. Samples were taken every 30 minutes up 
to 120 minutes. These samples were then processed according to the Zakian lab 
DNA extraction protocol. Following processing of the samples and the eventual 
resuspension of the extracted DNA in 1XTE, sample were loaded onto CsCl 
gradients containing Hoechst die and spun. Genomic DNA fractions and 
plasmid DNA fractions were extracted from the gradient separately, following 
which they were digested as required. Digested samples were then 
electrophoresed in two dimensions (1st dimension – 0.4% agarose, 1X TBE, 
35V, 22.5 hours, RT. 2nd dimension – 0.9% agarose, 1X TBE, 130V, 8 hours, 
4oC). The gels were then southern blotted and probed against either ARS305 
(genomic DNA region) or AMP (plasmid). The results are displayed in Figure 
58. 
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A) 
    
 
 
 
B) 
 
 
 
 
 
 
 
RESULTS: Minichromosome plasmids are capable of forming higher 
order DNA structures identical to genomic DNA 
 230 
C) 
 
Figure 58 - Centromeric plasmids provide an accurate representation 
of topological events occurring on the genome 
 
 
 
 
 
A) Cells were synchronized in G1, before being released into the cell cycle in 
either the presence of absence of the DNA alkylating agent MMS. Samples 
were taken at the indicated time points, extracted using the Zakian lab 
extraction protocol and run in 2 dimensions to visualize the DNA structures 
present. THI+/JK5L+MNO+PHI+*KI7L#+QRPH+MSSTUTVMPI+WXKHMYI+KPZTSPTZIK+
[HIN+ ZIVIMKIO+ \NPR+ UIO\M+ SRNPM\N\NJ+ 88/+ \N+ QRPH+ PHI+ JINRU\S+ MNO+
YVMKU\O+ K\PTMP\RN,+ (N+G'+ SIVVK+ PH\K+ MSSTUTVMP\RN+ \K+ NRP+ KIIN+ \N+ I\PHIZ+
K]KPIU,+ 
B) Cartoon representation depicting the identities of the signals seen in the 2-
dimensional agarose gel electrophoresis runs.  
C) Different enzymes were used to shift the position of the ARS305 sequence 
within the probed against fragment, to discern DNA-locked features from 
artifacts.     
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The assay shown in figure 58 demonstrates that the plasmid system 
accumulates these X-shape structures (‘hemi-catenates’ (Figure 57)) in exactly 
the same situations, as does the genomic DNA. In the Sgs1\ and in the strain 
X-shapes can be seen to accumulate when the cells are released into MMS, 
whereas in the WT strain these X-shapes do not accumulate on the genome and 
neither on the plasmid. We can see additional structures on the plasmid of the 
Nse2$C strain when released in the absence of MMS. These structures most 
probably represent knotted bubbles, however at this point we suggest that they 
have appeared as some artifact of the processing technique.  
Thus from this we conclude the plasmid minichromosome system 
accurately represents identical processes occurring on the chromosomes as a 
result of DNA replication, and so this validates our choice of using this 
methodology throughout the work carried out in this thesis. 
 
As a point of curiosity we identified a highly reproducible spot on our 
genomic DNA gels, and we sought to determine whether this represented an 
artifact of our processing methodology or some feature locked the particular 
locus probed against. If indeed it turned out to be independent of the DNA 
locus probed against, the question would be raised as to why the plasmid 
system does not show this same signal. To do this we varied the restriction 
enzymes used in the digestion of the genomic DNA as shown in Figure 58 C. 
As can be seen from the result of this analysis, the pattern of spots along the 
linear line varied with the restriction enzyme used, thus we conclude this signal 
represent some specific aspect of the genomic locus, and thus we would not 
expect to see it replicated in the plasmid system.    
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7.4 Chapter Summary 
 
In this section we sought to demonstrate that the centromeric plasmid 
model is suitable as a representation of the topological structure of the 
chromosomal DNA complement net in vivo. We showed that these plasmids 
accumulate replication intermediates (both physiological and pathogenic) in a 
manner identical to the chromosomal DNA, and thus it follows that they should 
accumulate and be subject to topological alterations in the same manner as the 
chromosomes.  
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8 DISCUSSION 
 
8.1 Summary of Results 
 
8.1.1 DNA undergoes a transition in its topological state at the 
metaphase to anaphase transition  
 
We have identified an alteration that occurs in the topological state of the 
chromatin of the S. cerevisiae genome. This alteration occurs at the metaphase 
to anaphase transition and was initially identified as an increase in the 
electrophoretic mobility of plasmid dimers in agarose gels. We later ascertained 
that this shift in electrophoretic mobility could be attributed to an alteration in 
the supercoiling state of the plasmid dimers, a characteristic that is accurately 
mirrored in the chromosomal DNA. It transpired that this topological alteration 
was characterised by a shift from the native state of (-) supercoiling to a state of 
(+) supercoiling, an aspect that was highly surprising. Moreover the level of (+) 
supercoiling seen was extreme, such that we were unable to accurately resolve 
the newly identified population into its respective topoisomers, as we do with 
plasmids extracted from cells displaying native (-) supercoiling levels.  
 
The vast majority of known organisms arrange their genomes such that 
their DNA complement displays some degree of (-) supercoiling. This is the 
case for a highly important biological reason; the energy required to melt the 
two backbones of a DNA duplex is significantly reduced for a duplex that is 
experiencing a degree of negative supercoiling. Importantly we must remember 
that unlike many prokaryotes whose DNA complement is naked in vivo and so 
is capable of exhibiting a genuinely (-) supercoiled structure, in most 
eukaryotes this is not the case. This is due to the fact that higher eukaryotes do 
not maintain their DNA complement in its naked form, rather they package 
their DNA by wrapping it around protein complexes called nucleosomes, which 
themselves are comprised of proteins called histones (usually found in an 
octomeric conformation). Nonetheless these organisms are still able to benefit 
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from the energetic advantages of (-) supercoiling, by wrapping their DNA 
duplices around these nucleosomes in a left-handed wrap. Due to the right-
handed nature of the double helix, the process of wrapping DNA around 
nucleosomes in a left-handed manner confers a reduction in the ‘twist’ value of 
the DNA molecule. Due to the nature of DNA, this inherently generates a 
positive movement in the writhe value elsewhere in the molecule (which in 
effect generates a positive supercoil), however this is instantly relaxed due to 
the action of topoisomerases. Thus higher eukaryotes manage to ‘store’ their (-) 
supercoiling in this manner.  
 
Regardless of the method of storing (-) supercoiled helical tension, the shift 
towards (+) supercoiling which we observe as occurring at the metaphase to 
anaphase transition would equate to an ‘over-winding’ of the duplex. One can 
see why this might be beneficial to the organisms, as this would make melting 
the duplex far more difficult. As a result this would energetically inhibit 
cellular processes such as transcription from occurring, a feature that one could 
suggest as being highly favorable at the point of chromosome segregation; the 
presence of a number of transcription bubbles would be highly likely to impair 
faithful sister chromatid segregation.  
 
While inhibition of processes resulting in the melting of the duplex may be 
the most obvious reason for having a (+) supercoiled genome during anaphase, 
we identified another role for this topological alteration. We found that 
following this (+) supercoiling shift, the number of units of the type IIA 
topoisomerase Top2 required to fully resolve catenated dimers in vitro, was 
reduced by an order of magnitude. Previous understanding of the nature of 
catenations has always suggested that upon their formation following S-phase, 
the vast majority are immediately resolved by type II topoisomerases, and as 
such upon entry into anaphase the major method of maintaining sister 
chromatid cohesion is mediated by the presence of the Cohesin complex on the 
genome (the exact method of the Cohesin conferred cohesion is still yet to be 
discerned). Furthermore, the few catenations still remaining at the point of 
anaphase will be removed as per the normal functioning of Top2. Leading on 
from the finding of this (+) supercoiling transition, and its effect on the ability 
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of Top2 to direct its activity towards resolution of catenation and away from 
supercoil reduction, we would suggest that this is not the case. Furthermore we 
would suggest that, as has been shown in vitro, Top2 has the ability to 
concatenate sister chromatids in vivo and does so actively until a point where 
the cell confers a level of directionality upon the enzyme, as represented by the 
(+) supercoiling transition. We suggest that this implies the genome is 
catenated to a significantly higher degree at the onset of anaphase than has 
previously been assumed, and indeed this aids the Cohesin complex in 
maintaining sister chromatid cohesion until the point where the cell triggers 
dissolution of this cohesion. Indeed, as I will elaborate on later, we suggest that 
the Cohesin complex plays an active role in maintaining the catenation level of 
the genome as long as it is present and ‘cohesive’. 
 
 
8.1.2 Cohesin and Condensin are required to trigger the (+) 
supercoiling transition  
 
Subsequent to the discovery of the (+) supercoiling transition seen to occur 
at the metaphase to anaphase transition, we found that its onset was dependent 
on both Scc1 and Smc2, suggesting roles for the Cohesin complex and the 
Condensin complex in this process.  
 
Initially we sought to further elucidate the role of Condensin in this process. 
We used a mutant of Brn1 (an essential non-Smc subunit of the Condensin 
complex) to ensure that the requirement of the (+) supercoiling transition was 
indeed for the whole complex. Rather surprisingly we found that the presence 
of Brn1 was not essential. This does throw into question much of what we 
know about the Smc2/4 proteins, as the lack of requirement of the (+) 
supercoiling transition for Brn1 does suggest a role for the Smc2 protein 
independent of the complex. This is something that has not previously been 
described in the literature. It has been reported in the literature that Smc2 and 
Smc4 homologues of other organisms are required for proper segregation of 
mitotic chromosomes (Guacci et al., 1993; Saka et al., 1994; Strunnikov et al., 
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1995), and that recombinant condensin complex possess an ability to positively 
supercoil DNA in vitro (Kimura and Hirano, 1997), however neither of these 
two studies attempted to recreate their findings in the absence of non-Smc 
subunits. Additionally Brn1 has been described as being required for competent 
sister chromatid segregation (Ouspenski et al., 2000) however it was 
undetermined as to whether this is due to a Brn1 independent function, or due 
to loss of function of the Condensin complex in the absence of Brn1. It would 
be highly interesting given our find here, if recombinant Condensin lacking the 
Brn1 subunit maintained its ability to supercoil DNA in vitro, and even more so 
if it turned out that other non-Smc subunits were equally expendable. 
Interestingly it has been demonstrated previously that the Condensin SMC 
heterodimer alone maintains different properties relating to naked DNA than 
does the complete holo-complex in vitro (Sakai et al., 2003). Should these 
properties extend to the ability of the Condensin SMC heterodimer to enforce 
specific topologies on the naked DNA in vivo, then this finding would reinforce 
our discovery of the expendable nature of Brn1 in triggering the (+) 
supercoiling transition.  
 
To further our understanding of exactly what is required we need to 
perform additional assays, aimed at determining the requirement for other 
members of the complex. This all represents work that requires carrying out in 
the future, at the current time we are able only to speculate on how the Smc2 
protein may interact with other proteins, or not, to enact this (+) supercoiling 
transition. As yet we have no evidence-based model for the role of Smc2 in this 
process in the absence of other members of the complex.  
 
Coinciding with the investigation into the requirement for non-Smc 
subunits in triggering the (+) supercoiling transition, we also attempted to 
demonstrate the modification required for activation of the Smc2 / Condensin 
complex’s ability to trigger the (+) supercoiling transition. We started by 
looking at phosphorylation of the Condensin complex as there are numerous 
studies in the literature which allude to such phosphorylation as being the 
major form of regulation of Condensin complex activity (Bazile et al., 2010; 
Piazza et al., 2013; St-Pierre et al., 2009; Takemoto et al., 2004). We 
DISCUSSION 
 237 
performed assays involving mutation of residues to mimic phosphorylation at 
key sites. These sites were predicted to be essential phosphorylation sites for 
Condensin activation, in both Smc subunits, and non-Smc subunits of the 
Condensin complex. In both the assays utilizing phosphomimic residues on the 
Smc4 subunit, and the assay utilizing phosphomimic residues on the non-Smc 
components of the protein complex, we were unable to artificially recreate the 
(+) supercoiling transition seen at the metaphase to anaphase transition. We 
suggest that the reason for this apparent failure may be due to the requirement 
for a particular pattern of phosphorylation, or a particular timing of 
phosphorylation to put into action specific events that are required to be 
organized in a timely fashion, something which we have not achieved with 
these ‘blanket phosphorylation’ assays. Indeed it may be that phosphorylation 
of specific sites alone is insufficient to fully activate the activity required to 
trigger the (+) supercoiling transition, as sumoylation and acetylation events are 
well characterised as having controlling roles in both Cohesin activity and 
Smc5/6 complex function. Moreover it may be that activated Condensin alone 
is insufficient to trigger this transition, and other proteins and complexes are 
required in concert to enact this topological event. These possibilities all 
outline the limitations of the experimentation we have performed thus far, and 
demonstrate the vast number of possibilities that still exist.   
 
It should also be noted that our experimental protocol itself has some level 
of limitation. In both cases, expressing phosphomimic Smc4 and expressing 
phosphomimic non-Smc subunits, the cells still maintained WT levels of 
endogenous Condensin complex subunits. It may be that these condensin 
subunits were loaded prior to our expression of these constructs and remained 
loaded thus obscuring the phosphomimic constructs ability to access the 
chromatin. If such a situation had occurred then only ‘inactive’ endogenous 
Condensin complex would have been in a position to trigger this (+) 
supercoiling transition, thus explaining why we failed to observe this event.  
 
In addition to the observation that the Condensin complex is required for 
the (+) supercoiling transition we also observed that the Cohesin complex was 
required for this process. The possible reasons for this requirement are 
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significantly harder to speculate on, than the reasons for the requirement for the 
Condensin complex. Mostly importantly, Condensin has been described in the 
literature as having the ability to induce positive supercoiling and as such this 
complex would always be an obvious initial candidate. However the Cohesin 
complex has not previously been described as having any ability to alter 
chromatin conformation in vivo.  
 
One possible model can be extrapolated from recently published data 
suggesting that the Cohesin complex plays an important role on spindle poles. 
It was shown that both SMC1 and SMC3 interact with the Rae1/Gle2/NuMa 
complex (Gregson et al., 2001; Kong et al., 2009), which itself is localized to 
the spindle poles. Imbalances in the SMC1 / SMC3 ratio at the centrosomes 
was shown to result in the formation of multipolar spindles (Wong, 2010). 
Further to this it is proposed that the SMC1/3 heterodimer subsequently 
interacts with Scc1 and Scc3, allowing the formation of the mature, 
topologically enclosed Cohesin complex, which would then play a role in 
encompassing microtubules at the spindle poles, in much the same way as we 
envisage the complex conferring sister chromatid cohesion. We know that 
correct spindle orientation and bipolar attachment of the sister chromatids is 
required for the (+) supercoiling transition to occur. Thus if inactivation of the 
Scc1 component of the Cohesin complex impairs its correct function at the 
centrosome, and subsequently prevents the correct attachment of the sister 
chromatids to the spindles, then one might suggest that this would prevent the 
(+) supercoiling transition from occurring. Currently this is merely conjecture, 
and additional work in this area is required to elucidate the true role of the 
Cohesin complex in mediating the (+) supercoiling transition.  
 
Obviously our own analysis of the role of the Cohesin complex in 
mediating this process is particularly limited, as we have utilised a temperature 
sensitive allele of the Scc1 Kleisin component of the complex as a model for 
Cohesin activity. Our results cannot exclude the possibility that the Scc1 
subunit may have roles independent of the Cohesin complex, although any such 
roles have yet to be identified in the literature. Thus it would be of paramount 
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importance to identify whether by depleting other members of the complex we 
are able to inhibit the cells ability to enact this (+) supercoiling transition.           
  
 
8.1.3 Other controlling factors required to trigger the (+) supercoiling 
transition  
 
Having identified the Condensin complex as a major player involved in 
mediating the (+) supercoiling transition seen to occur in the genome at the 
metaphase to anaphase transition, we sought to identify the method by which 
the complex is regulated in regards to this specific function. Given the 
numerous studies in the literature demonstrating the ability of the Condensin 
complex to alter chromatin structure in mitosis, and specifically to introduce 
positive supercoils into DNA, we propose that it is logical to label the 
Condensin complex as the primary effector of this (+) supercoiling transition. 
Thus we set out to reveal the upstream regulatory proteins, which control this 
facet of the Condensin complex’s functionality. 
 
Initially we sought to analyse the role played by the polo-like kinase Cdc5 
in promoting the (+) supercoiling transition. Evidence from the literature has 
previously demonstrated that phosphorylation of the Condensin complex 
regulatory subunits by Cdc5 leads to a ‘hyper-activation’ of the Condensin 
DNA supercoiling activity. Consequently this was an obvious starting 
candidate. What we demonstrated in our results, is that inactivation of the Cdc5 
polo-like kinase in G1 prevents the cell from triggering the (+) supercoiling 
transition at the metaphase to anaphase transition. This result supported our 
hypothesis that the Cdc5 protein plays an essential role in mediating the (+) 
supercoiling transition. Subsequently we decided to analyse whether we could 
artificially trigger the (+) supercoiling transition, by overexpressing the Cdc5 
protein from a Gal-inducible promoter. Our results showed clearly that we were 
not able to artificially induce the (+) supercoiling transition by overexpression 
of Cdc5 during G1. This is perhaps not surprising, as there are a number of 
possible reasons for this apparent failure. Firstly our suggested positive output 
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was visualisation of this (+) supercoiling transition during a G2/M arrest 
mediated by nocodazole, a condition which is located prior to onset of the shift, 
which occurs at the metaphase to anaphase transition.  We know that formation 
of spindles, correct bipolar attachment of the sister chromatids to the spindles, 
and subsequent generation of tension (work carried out by Joanne Leonard) are 
all prerequisite for the (+) supercoiling transition. In a nocodazole arrest none 
of these events are able to occur (as nocodazole elicits the G2/M arrest via 
depolymerisation of microtubules), and therefore overexpression of Cdc5 
would only trigger the (+) supercoiling transition if Cdc5 does not require any 
of these features for its activation, and providing that the activity of Cdc5 is 
indeed downstream of all of the microtubule based events. If either of these two 
circumstances are incorrect then even if Cdc5 does play a role as the dominant 
effector of the (+) supercoiling transition, this will not be seen upon 
overexpression. Furthermore one may expect that one of these possibilities is 
the case, as endogenous Cdc5 is present in the cell at the time of G2/M arrest, 
and in this condition the (+) supercoiling transition is not triggered, thus 
suggesting that some regulatory event is required post attachment of 
microtubules to the sister chromatids and bi-orientation of these chromatids on 
the metaphase plate. Another possibility is that the action of Cdc5 may not be 
solely directed at the Condensin complex, rather additional targets may be 
involved. Such additional proteins may either be located between Cdc5 and 
Condensin, or indeed located in separate pathways that share an equal 
requirement as the Condensin pathway for initiation of the (+) supercoiling 
transition. During the nocodazole mediated G2/M arrest these additional, as yet 
unidentified, proteins may not be present, or may be present in a state incapable 
of phosphorylation by Cdc5. Thus we would have to conclude at this point that 
while we have successfully identified that the polo-like kinase Cdc5 plays a 
key role in mediating the (+) supercoiling transition seen at the metaphase to 
anaphase transition, further work needs to be done to fully reveal how the 
activity of this kinase is regulated. Additionally we need to ascertain whether or 
not this kinase has other target proteins that may be involved either in the 
process of regulating Condensin activity, or involved in mediating the (+) 
supercoiling transition via a separate pathway.  
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The second candidate protein we assessed was the aurora-B kinase Ipl1. 
This was due predominantly to its ability to phosphorylate non-Smc Condensin 
complex subunits, and its cellular requirement until telophase (Nakazawa et al., 
2011). We demonstrated that inactivation of the Ipl1 kinase at G1 did not 
prevent the cell from triggering the (+) supercoiling transition at the onset of 
anaphase. Interestingly it has previously been published that the Ipl1 aurora 
kinase is required for tension generation / sister chromatid orientation (Petersen 
and Hagan, 2003). We have demonstrated that the inability to generate tension 
prevents the cell from triggering the (+) supercoiling transition, however 
inactivation of Ipl1 does not. These findings do not correlate with the published 
data. Further work is required to separate the role of tension generation from 
Ipl1 activity in regards to the cells ability to trigger the (+) supercoiling 
transition.  
 
Ark1 (S.pombe orthologue of Ipl1) has been shown to be responsible for 
phosphorylation of H3 and subsequent chromosome condensation, and when 
Ark1 function was compromised the cell failed to recruit the Condensin 
complex to the mitotic chromatin (Petersen and Hagan, 2003). Were the roles 
of Ipl1 and Ark1 highly similar, we would expect that inactivation of Ipl1 in G1 
would prevent the (+) supercoiling transition at the onset of anaphase, given 
what we have ascertained about this event previously. Subsequent to these 
findings we suggest that although both proteins are classed as the only aurora 
kinase of their respective organisms, they are unlikely to share an identical set 
of functions.  
 
 
8.1.4 Catenates persisting in the genome at anaphase impair faithful 
sister chromatid segregation  
 
Initially we identified a shift in the global topology of DNA at the 
metaphase to anaphase transition, and this shift was characterised by a switch 
from native (-) supercoiled DNA, to a chromatin structure displaying a (+) 
supercoiling state. We identified that this alteration in supercoiling state 
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permits more efficient decatenation of linked sister chromatids by Top2; 
decatenation requires an order of magnitude less enzyme than prior to the 
topological shift. Thus we proposed that this shift was enacted to force 
directionality on the Top2 enzyme at the metaphase to anaphase transition to 
ensure complete removal of catenated nodes, and so to allow for proficient 
sister chromatid segregation. However we have operated under the assumption 
that catenated nodes present at the onset of anaphase (i.e. prior to the (+) 
supercoiling transition) have the ability to impair sister chromatid segregation. 
We set out to prove this fact conclusively. 
 
The results we initially obtained in Figure22 showed a significant increase 
in the number of cells displaying a misegregation phenotype when Top2 is 
inactivated, and additionally we see a reduction in the average distance 
between GFP foci at both time points (T=60 and T=120) with inactive Top2. 
This set of results provided a good basis for the assumption that the presence of 
a significant quantity of catenated nodes in the genome at the point of sister 
chromatid segregation has the capacity to impair this process. However we felt 
this particular assay did not fully describe the limitations enforced on the 
system by the presence of catenated nodes as we had hoped. We propose that a 
major limitation of this assay was the spacing of the time points. Catenations 
would constitute fluid structures within the genome and as a result could delay 
regions of the chromosome from segregating at particular times during 
segregation, a possibility that we would not be able to identify were it the case. 
Additionally we have to acknowledge in the situation where we have a WT 
SCC1, we would expect no cleavage of this protein by the TEV protease and 
consequently we wouldn't expect to see any level of segregation. In contrast to 
our expectations for this strain we still saw approximately 50% of cells with 
two GFP foci at the terminal time point. This loss of sister chromatid cohesion 
is unexplained.  
 
In Figure23 we aimed to nullify the limitations of the previous assay by 
performing a significantly more thorough time course. In this assay one sample 
was allowed to trigger the (+) supercoiling transition in the presence of active 
Top2, while the second sample had Top2 inactived prior to the (+) supercoiling 
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transition being initiated, following which we would trigger cleavage of Scc1 
using the TEV protease. We also more specifically denoted the stages of sister 
chromatid segregation, and this allowed us to track the degree of segregation 
for the duration of the time course. At all stages of segregation (Figure23 
B/C/D) we see a delay in the catenated sample (i.e. the sample in which Top2 
was inactivated prior to the (+) supercoiling transition) when compared to the 
uncatenated sample. Additionally overall we see that the catenated sample fails 
to achieve the same % of the population with two GFP foci as oppose to one 
foci. This assay very nicely provides evidence supporting the theory that the 
presence of a catenated genome has the capability to impair faithful sister 
chromatid segregation, and thus adds significant credence to the finding of a 
shift in topology (i.e. the (+) supercoiling transition) which directs the activity 
of Top2 towards removal of catenated nodes.    
 
One issue that we had with the previous assay was that the average 
distances between foci values were much smaller than we had expected. We 
decided that the small magnitude of the differences between the ‘distance 
between foci’ values might be due to the usage of the URA3 locus as the point 
of TetO insertion. We suggest that while catenations may be constrained to 
topologically distinct regions, these may extent some distance along the 
chromosome arm, or indeed some topological barriers may be lost during 
chromatin reorganization in mitosis, and as a result very large topologically 
distinct regions may be created. If this were the case then it would be logical to 
suggest that upon dissolution of Cohesin mediated cohesion, and application of 
tension at the kinetochores, catenated nodes would be displaced to more distal 
regions of the chromosome arms. In this situation, the presence of catenated 
nodes within the genome would be difficult to discern if only centromeric loci 
are visualized, as these would appear to segregate with almost identical 
dynamics to those seen in cells with uncatenated genomes, at least until the 
tension applied by the spindle reached the displaced distal catenated nodes. To 
analyze whether it was the case that the URA3 locus was skewing our results 
we carried out the experiment seen in Figure24. Additionally here we decided 
to use an approach that didn’t require the use of the TEV-protease system, due 
to the low segregation efficiency seen when using this system. Instead we 
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depleted Scc1 in a G1 arrest and released the cells into the cycle following the 
segregation pattern of two different chromosome markers; in one strain these 
were inserted at a centromere proximal locus and in another strain at a 
centromere distal locus (NB depletion of Scc1 allowed us to prevent the (+) 
supercoiling transition from occurring at the metaphase to anaphase transition, 
and thus allowed our two strains to attempt to segregate their genomes while 
catenated).  
 
This assay clearly demonstrated that in conditions where the cells are 
attempting to segregate highly catenated genomes, they are severely perturbed. 
Moreover we identified a clear difference between the strain with centromere 
proximal GFP tags and the strain with centromere distal GFP tags. Throughout 
the entire time course, in the presence of catenated nodes, the centromere distal 
tags fail to achieve the same level of segregation than did the centromere 
proximal tags, and both of these situations failed to achieve the level of 
segregation seen when resolution of catenated nodes is permitted. This highly 
supports the theory that catenated nodes impair faithful sister chromatid 
segregation. Additionally this data demonstrates that these catenated nodes are 
spatially dynamic, such that upon application of tension by the spindle they are 
displaced to more distal chromosomal region until their migration is prevented 
by a topological barrier. Thus the ability of catenated nodes to impair faithful 
sister chromatid segregation is significantly increased in long chromosome 
arms, as one could predict more nodes would accumulate at more topological 
barriers throughout the arm, making eventual separation of the sister 
chromatids far more difficult to achieve.  
 
Upon further analysis of the data from this assay, we suggest that the 
presence of catenations can be seen even under conditions where the (+) 
supercoiling transition is permitted. We see that in the strain with distal GFP 
chromosome tags (ChrIV::1513), there is a significant delay in separation of 
the GFP tags at T=120, and this is resolved by T=130 such that the tags achieve 
a similar degree of separation to that seen in the centromere proximal tagged 
strain. We suggest that this delay is due to the remaining few catenations 
accumulating at a topological barrier within the chromosome arm, thus 
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temporally impairing further segregation. However in this case due the ability 
to the cell to trigger the (+) supercoiling transition, these do not persist long. 
Once these remaining catenated nodes are resolved by Top2, the sister 
chromatids are able to resume segregation, and eventually are able to achieve a 
fully segregated phenotype. This result adds further support to our hypothesis 
that the presence of catenated nodes in the genome at the metaphase to 
anaphase transition is sufficient to impair faithful sister chromatid segregation. 
Furthermore this adds significant credence to our work using plasmids, as this 
set of assays very clearly demonstrates that the presence of catenated nodes and 
the effects of the positive supercoiling transition that we observe in the plasmid 
system is directly translatable to the endogenous chromosomes.  
          
 
8.1.5 Condensin requirement at the centromere is reduced following 
the onset of the (+) supercoiling transition  
 
Having demonstrated that the Condensin complex is essential for the cells 
ability to trigger the positive supercoiling transition, we sought to ascertain 
whether the ability of the complex to perform this function coincided with its 
altered localization of the genome. A previous study had attempted to compare 
the localization of the Condensin complex between a S. cerevisiae system 
arrested in G1 by the addition of the mating pheromone Alpha Factor, and a 
system arrested in G2/M by addition of the microtubule depolymerizing drug 
nocodazole. This study concluded that there was no change in the localization 
of the Condensin complex in a cell cycle dependent manner (D'Ambrosio et al., 
2008). However having demonstrated that this alteration in topology occurs at 
the metaphase to anaphase transition, and requires the presence of the 
Condensin complex and microtubules, we suggested that the published data 
was incomplete, and that such an alteration on Condensin complex localization 
could be descriptive of this alteration on chromosome topology. Thus we 
decided to compare the Condensin complex localization in two situations, one 
in a G2/M arrest mediated by nocodazole and one in a Cdc20 mediated arrest (a 
condition post-(+) supercoiling transition).  
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By examining the localization of the Smc2 subunit of the Condensin 
complex we identified one significant alteration in the regions of Condensin 
complex enrichment following the onset of the (+) supercoiling transition. We 
discovered that prior to the (+) supercoiling transition, every centromere 
represents a region of significant Condensin complex enrichment, and in all 
cases this peak is drastically reduced following the onset of this transition. Our 
results do not demonstrate a complete loss of centromeric enrichment of the 
Condensin complex following the (+) supercoiling transition, however by 
looking at the control southern blot we suggest that the time point supposedly 
representing a post-(+) supercoiling transition was taken slightly early (as the 
plasmid does not show a full transition phenotype until the time point taken 
after the ChIP-seq sample). Thus we propose at this point that the intensity of 
the centromeric peak would be further reduced, and possibly completely lost, 
were samples take at subsequent time points.  
 
In any case we suggest that this reduction in the intensity of the enrichment 
peak seen at the centromeres is descriptive of the action of the Condensin 
complex in triggering this topological alteration. Scrutiny of the literature 
reveals that several studies have identified that the centromeric histone variant 
CenH3 (Cse4 in S. cerevisiae) has the capacity to induce (or at the very least 
accommodate) positively supercoiled DNA (Furuyama and Henikoff, 2009; 
Huang et al., 2011). This coupled with the knowledge that the Condensin 
complex has been shown to have the ability to trigger (+) supercoiling in in 
vitro assays, leads us to suggest that in combination these two factors play an 
essential role in trigger the (+) supercoiling transition we have previously 
described. Given that this enrichment peak reduces in intensity following the 
onset of the (+) supercoiling transition, we would suggest that the role of the 
Condensin complex is initiatory in nature, and once onset has been triggered, 
the Condensin complex is no longer required. Our working model at this early 
stage of investigation is that upon activation of this specific function of the 
Condensin complex (by as yet unidentified factors), the complex works in 
concert with Cse4 to alter centromeric chromatin, such that the DNA becomes 
(+) supercoiled in a manner stabilized by some form of modified nucleosome. 
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Following this event the Condensin complex is no longer required (or is 
displaced by the topological alteration it has itself induced) leading to the 
reduction in the intensity of the Smc2 enrichment peak we have observed 
following the onset of the transition. The increased helical tension generated by 
induction of (+) supercoiling at the centromeric loci is transferred to ever more 
distal regions of the chromosomes. The displacement of positive helical tension 
would be sufficient to displace standard nucleosomes in a step-wise fashion, 
and in doing so allows progressively more regions to obtain a more (+) 
supercoiled state. Thus following its generation by active means at the 
centromeres, this (+) supercoiling state would be spread to the entire length of 
the chromosome in progressive stages. This would ensure that catenated nodes 
throughout the entire length of the chromosome could be successfully resolved. 
Following resolution of catenated nodes, some unknown factor would result in 
displacement of modified nucleosomes and reincorporation of regular histone 
octamers resulting in the return of the genome to a state of (-) supercoiling. 
This immediately reversal of DNA topology following resolution of catenations 
would explain the transient nature of the (+) supercoiling transition we observe.      
 
As mentioned this area of investigation is currently at the very early stages 
and as such much of the proposed model above require further evaluation. 
Primarily we need to repeat the ChIP-seq experiment performed to allow us to 
obtain a sample slightly later than that shown in the current assay. This will 
allow us to see whether we completely lose the Smc2 enrichment peak seen at 
centromeres, or whether we only observe this significant reduction in intensity. 
To validate the model, further work needs to be performed, looking initially at 
how the cells are maintaining the (+) supercoiling state long enough to allow 
for complete resolution of catenated nodes. Previous studies have modeled 
standard nucleosomes (histone octamers) and have predicted that in this 
conformation these nucleosomes would be unable to accommodate positively 
supercoiled DNA. Consequently we would want to attempt to isolate a sample 
enriched for the (+) supercoiled DNA and look at the conformation of 
nucleosomes (if any) used by the cell in these conditions. It would be 
particularly interesting to identify whether the Cse4 histone variant, previously 
describe as being found only at centromeric loci, is used throughout the 
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genome during this narrow window to form a modified nucleosome capable of 
maintaining a state of positive supercoiling. Also it would be interesting to 
analyze whether there is any direct association between the Condensin complex 
and the Cse4 histone variant. At this stage we would suggest this is unlikely, as 
we propose that the activity of the Condensin complex is targeted at the DNA 
directly, and that the Cse4 histone variant subsequently becomes incorporated 
post alteration to stabilize this change, however their direct association is still a 
possibility that requires clarification.    
 
 
8.1.6 Top2 is incapable of resolving all catenated nodes without aid 
from additional cellular pathways  
 
Initially we felt the need to confirm whether or not Top2 possess the ability 
to function in a unidirectional manner. We proposed that if this was the case 
then we should see a progressive reduction in the quantity of catenated nodes 
over time in the same sample. Indeed even when reduction of catenated nodes 
appears to have stalled, if the enzyme is capable only of removing catenations 
then we might expect to see a gradual reduction in the quantity of catenated 
nodes over an extended arrest.  
 
As we demonstrated in Figure32, in an extended arrest mediated by 
addition of nocodazole, the intensity of the CatC band does not decrease over 
time relative to the intensity of either of the monomer bands (OCm and CCCm). 
From this we can conclude that the action of Top2 is most probably not uni-
directional, and that it operates around an equilibrium, whose established 
position is dependent on the topology of the chromatin. It is important to note 
that this assay does not rule out the possibility that a number of catenations are 
hidden from the enzyme until after the (+) supercoiling transition. We suggest 
that this is unlikely as in vitro assays have shown that while Top2 has a 
preference for decatenation of (+) supercoiled DNA, in no situation was it 
completely unable to decatenate (-) supercoiled DNA. Due to this fact we 
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suggest this assay lends evidence to support the idea that the action of Top2 is 
not uni-directional and that it works by establishing an equilibrium.     
 
 
8.1.7 The ability of Top2 to concatenate in vivo is still questionable  
 
Although we felt that we have previously demonstrated that the action of 
Top2 is unlikely to be uni-directional, in regard to the decatenation activity, 
this assay was far from conclusive. Ultimately direct demonstration of Top2 
dependent concatenation is required, and that is what we sought to demonstrate 
here.  
 
Initially we used the tetramerising ability of the LacI protein to attempt to 
artificially induce proximity between plasmids in vivo in an attempt to increase 
the likelihood of generation of DNA crosses constituting suitable Top2 
substrates. The theory we were working upon was that assuming Top2 is 
capable of concatenation, the position of the equilibrium established by Top2 is 
a product of the likelihood of two sections of DNA from individual molecules 
coming into contact and producing suitable substrates for concatenation. Using 
this system we performed a number of assays aimed at altering the position of 
the equilibrium established by Top2 under different conditions. Unfortunately 
none of the assays performed produced conclusive results, either for or against 
the hypothesis. Importantly we constructed the LacI constructs such that they 
were tagged with GFP. The idea here was that we would be able to visualize 
them as distinct foci in vivo and so confirm that they were successful in 
bringing together two plasmids (i.e. by way of visualization of one GFP foci or 
two). Unfortunately when expressed the quantity of LacI-GFP produced was 
massively in excess of the available regions of LacO to bind with (i.e. we 
reduced the LacO sequences to 1.5kb so as to reduce the possibility of 
recombination between plasmids, a feature we see with 5kb of LacO sequence), 
and as a result distinct foci were almost impossible to discern. Additionally in 
all experiments where we have attempted to bring together plasmids that would 
not have been already cohesed (due to the presence of Cohesin), we have failed 
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to recover the dimer band, suggesting that perhaps the attraction between LacI 
molecules is not strong enough to achieve this. Another possible problem with 
the system is that binding of a large protein to sister plasmids which are already 
cohesed may actually prevent the plasmids from coming into close contact, a 
problem which we concluded we would not be able to control for.    
 
Due to the apparent inefficiency and problems with the tetramerising LacI 
system, we decided to attempt to achieve this concatenation without this 
construct. We performed an assay using two different plasmids of differing 
sizes to see if we could use any concatenation activity of Top2 to produce new 
bands not previously seen. This assay relied on the non-sister plasmids coming 
into contact without any external stimuli. Perhaps unsurprisingly this assay 
didn’t yield any new bands. In retrospect we suggest this was unlikely to work, 
as the probability of two small non-sister plasmids coming into contact with 
sufficient regularity to form a sufficient number of Top2 substrates to be 
detected was low. We did attempt an assay using multi-copy plasmids, 
predicting that there would be many more copies present and as such a much 
higher probability of two non-sisters coming into contact and becoming 
concatenated. Initially we did manage to yield a number of new bands, which 
looked very promising. However upon further analysis we realized that using 
this system we couldn’t rule out the possibility that these new bands 
represented partially replicated structures, or indeed multimers. This is due to 
the fact that these plasmids undergo rolling circle replication in an uncontrolled 
manner, and additionally as they do not have centromeric sequences there is no 
pressure for them to segregate individually, and as such these plasmid species 
can remain catenated to other members for a multitude of consecutive 
generations. These possibilities are further supported by the fact that when only 
one multi-copy plasmid was present we still yielded some weak signals not 
previously seen. Indeed there are many more new signals seen when two 
different multi-copy plasmids are present which may be seen as positive, 
however we decided that it would be too difficult to correctly identify all 
plasmid species in this system and as such we abandoned it. 
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We suggest that attempting to generate catenations between non-sister 
plasmids is still worth persisting with (using centromeric plasmids), as proving 
conclusively that this can happen is significant. If it transpires that Top2 can 
concatenate, and additionally can concatenate non-sisters, this adds real 
credence to the role of replication generated catenations and Cohesin mediated 
cohesion. This is due to the fact that catenation between non-sisters can be very 
dangerous for the cell, particularly during processes such as homology 
searching during DNA damage repair. At the current stage we have failed to 
demonstrate this, however further experiments need to be performed to 
ascertain conclusively whether this event is possible in vivo, perhaps utilizing 
the LacI tetramerising system.    
 
Given the apparent inefficiency of the tetramerising LacI protocols we 
decided to run an additional line of experiments, again aimed at increasing the 
likelihood of two sister plasmids crossing to form suitable Top2 substrates. 
These experiments used the Gal-HO endonuclease to create a DSB at the MAT 
locus. The induction of a DSB in the genome initiates a genome wide turnover 
of cohesive Cohesin complex. At the same time as inducing the DSB we would 
express either a WT version of the Scc1 kleisin component of the Cohesin 
complex, or a version of Scc1 which is unable to be removed from the cell 
(denoted Scc1-RRDD). Thus when we initiate genome wide Scc1 turnover and 
overexpress the non-cleavable Scc1 component, we would expect that the 
excess cohesive Cohesin on the plasmids should increase the likelihood of the 
two plasmids crossing and forming a suitable DNA substrate. This was shown 
to be true in our results. We observed an increase in the CatC to OCm ratio 
even after the expression of the non-cleavable Scc1 was switched off. This 
suggests that once loaded the increased proximity of the two plasmids increases 
the probability of the two sister plasmids coming into contact and this is 
demonstrated by the increase in the proportion of CatC dimers relative to OCm. 
Furthermore we suggest that this conclusively proves that Top2 has the 
capacity to concatenate DNA, and that the enzyme works to establish an 
equilibrium whose position is dependent on the likelihood of DNA crosses 
forming which constitute suitable Top2 substrates.  
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One of the major limitations of this system is the relatively small 
differences we observe when we artificially induce increased proximity 
between sister plasmids. Our non-cleavable Scc1 assay demonstrated a 1.6% 
increase in the CatC to OCm intensity, and a further increase of approximately 
3.3% a further 2 hours later (following repression of non-cleavable Scc1 
expression). While one may suggest that these differences are too small to 
represent significant changes in plasmid dimer quantities, we argue that they 
represent genuine concatenation of plasmids by Top2 following an increase in 
plasmid proximity induced by loading of additional Cohesin containing non-
cleavable Scc1. What must be remembered is that the output of this assay 
involves analyzing only the situation described by a change of Lk0 to Lk1 (that 
is, concatenation of sister plasmids which were previously cohesed but 
completely uncatenated prior to addition of Galactose to induce the DSB and 
express the Scc1-RRDD construct). This event would only represent a small 
population of the plasmids within the cell. Perhaps we would be able to discern 
a significantly greater difference in catenation levels if we were to analyze the 
distribution of catenated nodes within the plasmid dimer population, and indeed 
we predict that such an experiment would demonstrate a large alteration in the 
distribution of catenated node number (such that following induction of 
plasmid proximity the average catenated plasmid node number would be 
greatly increased). While this is an experiment we are planning to perform in 
the future, it will be far from trivial. Specifically to perform this assay we 
would require a much larger quantity of cells to visualize the distribution of 
CatA’s (following nicking of the plasmid dimer population) within two 
dimensional gels, in conditions of WT Top2 levels. This is a protocol that has 
never been demonstrated before. Nonetheless we believe that the Scc1-RRDD 
assay has provided strong evidence to support our hypothesis that Top2 is able 
to concatenate in vivo prior to the onset of the (+) supercoiling transition, in 
addition to its well described role in decatenation.    
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8.1.8 Modified Cohesin SMC subunits may prove useful in future 
analyses of the potential Top2 concatenation activity 
 
Following to strong evidence we have obtained supporting the idea that 
increased Cohesin mediated cohesion promotes concatenation by Top2, we 
sought to further elaborate on this aspect as a direct role of the Cohesin 
complex. We predicted that if Cohesin really did promote this concatenation, 
and that the method of this promotion is due to the proximity provided by 
cohesive Cohesin, then any alteration in the complex which does not affect its 
ability to be cohesive, however changes the average distance between cohesed 
sister plasmids would alter the position of the Top2 derived plasmid dimer – 
monomer equilibrium. 
 
We sought to assess the possibility by creating modified versions of the 
SMC components of the Cohesin complex. These constructs would have 
extended coiled-coil regions, and thus when the combine and form the mature 
Cohesin complex in vivo we suggest that they would form a Cohesin complex 
with a significantly larger tripartite ring diameter, than Cohesin comprising 
endogenous Smc1/Smc3. We collaborated with Dr. Alberto Riera (DNA 
Replication Group, MRC Clinical Sciences Centre) to model the SMC proteins, 
such that we were able to accurately duplicate both regions of the antiparallel 
coiled-coil regions of both proteins. By doubling the length of these sequences 
we hoped to generate mature Smc proteins with antiparallel coiled-coil regions 
twice the length of the endogenous regions, but without affecting the other 
functions of the complex.  
 
We demonstrated that these 2X coiled-coil constructs were not sufficient to 
complement for depletion of the endogenous Smc1 and Smc3, however they do 
appear to confer cohesion for one cell cycle. Thus we conclude that we should 
be able to use these constructs in single cell cycle experiments to allow us to 
investigate the effect of proximity generated by Cohesin on the ration of 
catenated dimers to monomers (or the distribution of catenated nodes within the 
catenated dimer species, assuming we can correctly optimize the protocol to 
examine these species). Additionally these 2X coiled-coil constructs should 
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provide us with a powerful tool to aid us in attempting to visualize the Cohesin 
complex constructed in vivo, and in doing so ascertain the exact method by 
which the Cohesin complex is able to confer sister chromatid cohesion. These 
experiments are yet to be performed.         
 
 
8.1.9 Cohesin visualisation from in vivo isolations requires further 
optimization to provide conclusive proof on the complex 
conformation and nature of function  
 
 Although in previous assays we have made the assumption that the 
Cohesin complex confers cohesion between sister chromatids via 
encompassing both sisters within one tripartite proteinaceous ring, and by 
doing so it confers proximity between sister chromatids (a model generally held 
as the most likely within the literature), other models do exist. We felt that 
using our protocol for analyzing the concatenation activity of Top2, we would 
be able to generate a sample enriched for cohesive Cohesin assembled in vivo. 
We subsequently aimed to prove conclusively the method of action of the 
Cohesin complex.  
 
We were able to optimize wash conditions to remove as many superfluous 
proteins from the chromatin isolation as possible, without removing Cohesin 
loaded onto our centromeric plasmids. From our initial EM run we managed to 
visualize a number of circular structures within the sample. We are unsure as to 
the identity of these structures. We would perhaps expect to see the Cohesin 
complex form a ring-like structure, however unlike the rings we have seen, we 
would expect that the Cohesin complex would vary in density around different 
sections of the ring, perhaps with the coiled-coil region representing lower 
density sections, and the globular heads being higher density regions. The 
visualized circles appear to be consistent in density throughout the entire 
structure. These circles however do share the expected diameter of the Cohesin 
complex (in the region of 45-55nm). We suggest that perhaps these structures 
may be nuclear pores although this is merely speculation.  
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At this point we have decided that we should make efforts to further enrich 
the samples for Cohesin loaded onto plasmid dimers. Although we have run the 
chromatin samples on sucrose gradients, we would still expect many cellular 
proteins and structures to sediment through the gradient in a similar manner to 
these loaded Cohesin molecules and thus our samples are not pure for Cohesin 
(although they should be a significant improvement over the crude chromatin 
extract). In the future we will be aiming to carry out a ChIP protocol on the 
sedimented sample against a member of the Cohesin complex. This protocol 
will be optimized such that we should be able to obtain a sample enriched for 
cohesive loaded Cohesin and the associated plasmids, as oppose to the lone 
Cohesin complex. Additionally we aim to use the 2X coiled-coil Cohesin 
constructs to aid in the identification of the Cohesin complex within our 
enriched samples (as in these sample we should see the emergence of ring-like 
structures with a larger diameter than that seen in sample taken from cells with 
endogenous Cohesin complex). Additionally this will demonstrate conclusively 
whether or not these modified Cohesin rings assemble in an identical fashion to 
the endogenous Cohesin, and therefore whether they are a suitable system to 
analyze the concatenation activity of Top2, and the role played by the Cohesin 
complex in mediating this activity.           
 
 
8.1.10 The centromeric plasmid accurately replicates genomic 
topological and recombinational states  
 
We demonstrated here that the plasmid system accurately replicates 
replicative consequences impacting the genomic DNA. This provides strong 
support for our use of the plasmid system in replicating the events occurring on 
endogenous chromosomes. Due to the linear nature of the endogenous 
chromosomes we are unable to perform topological assays directly on genomic 
DNA as any topological information is immediately lost upon extraction. From 
the data provided in these assays we demonstrate that plasmid DNA undergoes 
identical processes and is subject to identical constraints as is the genomic 
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complement, and as such the activity of Top2 on crosses generated between 
sister plasmids would be identical to any activity the Top2 enzyme would 
confer on the genomic DNA. There is evidence in the literature suggesting that 
the activity of Top2 is affected by differing higher order structures occurring in 
genomic DNA, and here we demonstrate clearly that the generation of any of 
these structures as a response to cellular processes occurs identically in 
plasmids as it does on endogenous chromosomes.    
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8.2 Implications of Top2 concatenation  
 
8.2.1 Relation to (+) supercoiling transition in vivo 
 
The uncovering of strong evidence supporting the hypothesis that Top2 can 
concatenate in vivo lends significant credence to our previously published 
finding, which states that an alteration in the state of DNA topology from (-) to 
(+) supercoiling occurs at the metaphase to anaphase transition, and that 
following this transition, Top2 is significantly more efficient at resolving 
catenated nodes (indeed the enzyme will remove all catenated nodes prior to 
acting on other substrates such as DNA crosses representing supercoils). If 
Top2 was able only to remove supercoils (i.e. if Top2 activity was uni-
directional) then one could suggest that over time all catenated nodes would be 
resolved by the enzyme, even if it required the cell to arrest for a prolonged 
time prior to sister chromatid segregation. This could in turn suggest that no 
chromatin alteration is absolutely required for cell health. However if Top2 is 
capable of introducing catenations into the genome, and did so systematically 
to establish an equilibrium state that is representative of the proximity of sister 
chromatids to each other (as our data suggests), then the role of a cellular 
process designed to promote the decatenation activity of Top2 becomes 
significantly more important. Taking this into account, along with our finding 
that catenated nodes present in the genome have the capability to prevent 
faithful sister chromatid segregation, a system designed to ‘force directionality’ 
on Top2, such that the enzyme favours decatenation over its myriad of other 
activities, becomes essential for cell viability. Thus from our findings we 
conclude that the (+) supercoiling transition seen at the metaphase to anaphase 
transition is more than merely a process to speed up resolution of catenated 
nodes, rather it is essential to the point that in its absence the genome would 
remain highly catenated to the degree of the equilibrium established by Top2, 
and proficient sister chromatid segregation would be impossible.      
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8.2.2 Altering understanding of the evolutionary role of the Cohesin 
complex 
 
Given that we have demonstrated here that the Cohesin complex plays 
some role in mediating the concatenation activity of Top2, we suggest that the 
definition of the role of the Cohesin complex needs to be revised. While we are 
not calling into question the ability of the complex to confer sister chromatid 
cohesion directly (most probably via encompassing both of the sister chromatid 
strands within a tripartite proteinaceous ring), perhaps given our findings, the 
evolutionary role of Cohesin is not restricted to this. We propose the major 
evolutionary role of the Cohesin complex is to induce the required proximity 
between sister chromatids which increases the probability of the sisters 
generating suitable Top2 substrates, and therefore becoming catenated. By this 
method the Cohesin complex would be able to ensure that the entire length of 
the sister chromatids are kept in close contact from replication until anaphase, 
rather than cohesion being conferred merely at points of Cohesin localization.  
 
This role of Cohesin in favouring sister chromatid concatenation is made 
more important when we consider the possibility that Top2 has the capability to 
concatenate non-sister chromatids (as aspect we have yet to demonstrate 
conclusively, however given our positive findings for the in vivo concatenation 
activity of the complex be believe this should be fairly likely). Concatenation 
of non-sister chromatids could prove extremely detrimental for the cell as it 
would dramatically increase the chances of abnormal events such as gross 
chromosomal rearrangements occurring. Additionally were such non-sister 
concatenations to occur, this would drastically impact the cells ability to carry 
out DNA repair, as the homology search process of HR would be severely 
impacted. Such possibilities add great credence to the role of the Cohesin 
complex in favouring concatenation between non-sisters, and perhaps the 
ability of the complex to generate some level of proteinaceous cohesion is 
merely secondary factor conferred by the complex.         
 
 
DISCUSSION 
 259 
8.3 Closing remarks 
 
Currently the work described in this thesis is very much in progress, and as 
yet does not constitute a finished product. However many of the findings we 
have shown have supported our hypotheses to date, such that we are confident 
going forward that we are making sufficient progress in uncovering the true 
nature of the Top2 enzyme and the cellular factors that govern its activity.   
Many future experiments have been outlined in previous sections, and we 
are confident that these experiments are based on a solid understanding of 
existing data.  
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